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Chapter 1

Introduction

Qualunque cosa farai, amala come amavi

la cabina del Paradiso quand’eri picciriddu.

Nuovo cinema Paradiso (Giuseppe Tornatore)

In the 1930’s Rabi and co-workers, based on the papers of Stern and Gerlach from

ten years before, studied the interaction of the spin of a proton with a magnetic field.
These quantum mechanical concepts were extended in 1946 by Bloch and Purcell to

the measurement of the precession of nuclear spins in magnetic fields. They were
awarded the Nobel Prize in Physics in 1952 for this work. These first steps of the Nu-
clear Magnetic Resonance (NMR) were extended in 1973 by Lauterbur and Mansfield

by the development of magnetic resonance imaging (MRI), which allows acquiring
3D images and tomography. The idea was simple, since spins precess with a fre-

quency (Larmor frequency) that depends on the magnetic field, the magnetic field has
to be made spatially dependent to result in a frequency representation of the sample’s

geometry. They were awarded the Nobel Prize in Physiology orMedicine in 2003 for
these works [Mans73] [Laut73].

Highly resolved images can only be obtained from parts of thebody, which are
rich in a sensitive NMR-isotope (e.g. protons) in highly mobile environments (e.g. liq-

uids). Therefore, rigid tissues (e.g. bones) and hollow structures (e.g. lungs) do not
contribute to the MR-image. While bones can be nicely resolved by X-ray techniques,
the diagnostic imaging techniques for pulmonary diseases were very limited1 until

MRI with hyperpolarized gases was introduced by Albertet al. [Albe94].

1Essentially only scinitilography of gaseous radio isotopes (99Tc, 127Xe, 133Xe, 181Kr) can be used.
Because the radioactive dosage is limited the concentration of such isotopes has to be kept relatively
low, which results in poorly resolved images.

1



2 CHAPTER 1. INTRODUCTION

“Hyperpolarization” means that the polarization is largerthan that given by ther-
mal or Boltzmann polarization. The use of optical pumping with polarized laser in-

creases the NMR-signal up to five orders of magnitude. This idea is based on the
research of Alfred Kastler [Tayl00], who facilitated the study of atomic structures by
means of the radiation that atoms emit under excitation by light and radio waves. He

was awarded the Nobel Prize in Physic in 1966 for these works.Since then the tech-
nique of optical pumping (i.e. generating alignment of spins by transferring angular

momentum to the spins from polarized light) has been studiedextensively and de-
veloped by several groups [Bouc60][Sche65][Cole63][Gamb65][Heil99]. Recently,

the field has expanded rapidly with the advent of inexpensiveand high-power diode
laser arrays. Liters of3He or129Xe with absolute nuclear polarizations of unity order

[Wolf04] [Ruse06] can now be routinely produced in a matter of hours.

The development of hyperpolarized gases artificially increases the signal, and
high quality MRI of gases can be achieved this way [Good02][Beck98]. The gain

in sensitivity and acquisition time is in principle of a great advantage compared to
water [Char92] [Glad94]. Thus, in the last decade MRI of hyperpolarized gases was

introduced for imaging of voids in porous systems, as foams,granular systems and
lungs [Blüm94] [Appe98]. A particular interesting question in spatially resolvedex-

periments with gases is the achievable resolution and contrast. However, the effects
on the MRI quality which arise from the use of gases rather than liquids have not been

discussed in detail yet.

Compared with liquids, gases have a much higher diffusivitywhich strongly in-
fluences the NMR signal strength, hence the resolution and appearance of the images.

The influence of such diffusive processes scales with the diffusion coefficient of the
gas, the strength of the magnetic field gradients and the timings used in the experi-

ment. Diffusion may not only limit the MRI resolution, but also distort the line shape
of MR images for samples, which contain boundaries or diffusion barriers within the

sampled space [Saam96] [Swie95]. Therefore, the objective of this work was the de-
termination and quantification of the influence of gas diffusion on the appearance of

MR images. Additionally, different strategies were testedto optimize resolution and
contrast for different applications.

In Chapter 2 an introduction to the basics of NMR and MRI is given, as well as

to the principles of hyperpolarization and diffusion. Chapter 3 summarizes the used
experimental devices and setups.

Chapter 4 includes the basics of the theory of particle diffusion and the possi-
ble anomalies of diffusion measurements by NMR which can arise from spin current

dependence on magnetization. This dependence is studied for 129Xe and3He, for
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different collisions regimes through variation of pressure.
In lung imaging the hyperpolarized gas is an admixture of gases; in particular oxy-

gen and nitrogen. Therefore, Chapter 5 studies the diffusion coefficient of one com-
ponent in binary gas admixtures, comparing NMR measurementand simulations of
129Xe and3He in admixture with other buffer gases. For that purpose a novel method

to mix gases is presented, which can be synchronized with theNMR-sequence. The
synchronization permits the reproducibility of concentrations in the mixture with high

precision.
The change and control of the diffusion coefficient of these relevant NMR iso-

topes,129Xe and3He, allow a detailed study of the MR images upon diffusion –and
therefore upon concentration– which is presented in chapter 6. By controlling and

adjusting the diffusion coefficient to the experimental conditions, these effects can be
used to improve image resolution or to enhance the signal of cavities. These studies
were restricted to3He since it is commonly used in MRI.

This results can be of major importance for instance, for theincrease in resolution
and accuracy of apparent diffusion coefficient (ADC) maps oflungs that present a se-

vere emphysema, were the signal in the affected region wouldotherwise be severely
attenuated by rapid diffusion. Finally, it should be emphasized that even though the

work was centered on MRI, the results can be of importance forany experiment that
involves field gradients, such as probing restricted diffusion and flow in porous sys-
tems, which yield information on the structure of materials.





Chapter 2

Introductory Theory

In this chapter the theoretical background will be discussed: NMR and MRI [Levi01]

[Call91] [Haac99] [Erns87] [Tala91], diffusion coefficient measurements [Call91]
[Pric97] and laser polarized gases [Bouc60] [Cole63] [Appe04] [Appe98]. For a

deeper understanding, however, a more specific theoreticaldescription will be car-
ried out at the beginning of each experimental chapter concerning to the topic that

will be presented.

2.1 Introduction

From the 5th century BC, Democritus and Leucippus already introduced the belief

that all matter is made up of various imperishable, indivisible elements which they
called “atoma” or “indivisible units”. Of importance to thephilosophical concept of

atomism is the historical accident that, the particles thatchemists and physicists of the
early 19th century AC thought were indivisible, were found in the 20th century to be
composed of even smaller entities: electrons, neutrons, protons and so on. This work

will focus on the the nuclei of the atoms, which are composed by neutrons and protons
(also known collectively as nucleons).

Nuclear Magnetic Resonance (NMR) is a phenomenon that occurs when the nu-

clei of certain atoms are brought into a static magnetic field. Protons (electrically
charged) and neutrons posses an intrinsic magnetism, whichis not due to a circulating

current.

5
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Figure 2.1: Distribution of spin population in energy levels due to the action
of a magnetic field. The shown orientation of the spin dependson the magnetic
moment, which isµ< 0 for 3He and129Xe

2.1.1 Quantum Mechanical description

The intrinsic angular momentum or spin of a nucleon is characterized by a spin quan-

tum number,I . Since the nucleus has both, spin and charge distribution, it will have
an associated nuclear magnetic moment,µµµ, which is collinear and proportional to the

spin angular momentumI ,

µµµ= γ~I (2.1)

with a proportionality constant,γ, the magnetogyric ratio (or gyromagnetic ratio) and
~ = h/2π the Dirac’s constant, which is proportional to the Planck’sconstant,h. The

response of the spin vector is to move around the magnetic field. The magnetic mo-
ment of the spin moves on a cone, keeping a constant angle between the spin magnetic
moment and the field.

The nuclei have a potential energy when brought into a magnetic field of flux
densityB0. From quantum mechanics it is known that angular momentum and the

associated energies are quantized and can only assume discrete values. Hence in the
presence of such an external magnetic fieldB0, the degeneracy of the eigenstates of
the nuclear spins vanishes, resulting inm energy levels with

Em = B0µµµ= γ~IB0 = −mγ~B0 (2.2)

which are proportional to the magnetic quantum numberm= −I ,−I +1, . . . , I −1, I ,
whereB0 = (0,0,B0) is chosen to define thez-direction.

As a result a nucleus with quantum numberI may assume 2I +1 discrete energy

levels. An observation known as Zeeman splitting. Since this work exclusively deals
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with nuclei (3He and129Xe) havingI = 1/2 only two such energy levels or directions
of the spins exists (“up” and “down”) as shown in Fig.2.1. In this case the energetic

distance between the two levels of Eq.2.2are given by

∆E = E1/2−E−1/2 = γ~B0 (2.3)

which corresponds to a frequency

ω0 =
∆E
~

= γB0 (2.4)

which is called theLarmor frequency.

From the quantum mechanical point of view, the energy is related to the Hamil-

tonian of the system. For the actual case the sum of the total energy system is given
by

Ĥ = ĤZ + Ĥ r f + ĤDD + ĤCS+ Ĥ J + ĤQ. (2.5)

whereĤZ refers to the Zeeman splitting due to the magnetic field andĤ r f refers to the

external radio frequency field used to manipulate the spin ensemble evolution, which
are both externally applied.

The HamiltonianĤDD refers to the direct dipole–dipole coupling interaction due
to magnetic interactions of nuclear spins with each other,ĤCS refers to the the chemi-

cal shift due to the indirect magnetic interaction of the nuclear spins and the external
magnetic field mediated by the electrons,Ĥ J refers to the indirect dipole–dipole cou-

pling (J-coupling) interaction due to the magnetic interactions ofnuclear spins with
each other mediated by the electrons, andĤQ refers to the quadrupolar coupling due

to the electric charge distribution in the nucleus with the electric field gradients result-
ing from surrounding charges. All of these are internal spininteractions and therefore

intrinsic to the material being studied.

External spin interactions

When spins are placed into an external constant magnetic field B0, they align within

the field. The energy, and therefore the Zeeman Hamiltonian,is equal to this described
in Eq.2.2:

ĤZ = Em = B0µµµ= γ~IB0 = −mγ~B0 . (2.6)

If a short and strong time-dependent magnetic field,Br f , is applied in thex-

direction by means of a r.f. coil with a phaseφ and frequency oscillationω1, the field
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will be given by

Br f = Br f cos(ω1t +φ)ex (2.7)

whereBr f is the maximum oscillation amplitude. It is convenient to visualize this
oscillating field as two counter rotating vectors representing the resonant and non-

resonant components. The resonant component rotates with the Larmor precession
and the non-resonant component in the opposite direction:

Bres
r f =

Br f

2
[cos(ω1t +φ)ex +sin(ω1t +φ)ey] (2.8)

Bnon−res
r f =

Br f

2
[cos(ω1t +φ)ex−sin(ω1t +φ)ey] (2.9)

Although it wastes half of the r.f. field, the non-resonant component has almost
no influence on the spins and may be neglected [Levi01]. Then, the corresponding
Hamiltonian for the effect of an r.f. pulse is:

Ĥ r f ≈−γ~B1
[

cos(ω1t +φ)Îx +sin(ω1t +φ)Îy
]

(2.10)

whereB1 = 1
2Br f . The quantity|γB1| is proportional to the peak r.f. field in the

coil. This is called the nutation frequency,ωnut, and is a measure of how strongly
the r.f. field influences the resonant spins.

Internal spin interactions

In usual NMR experiments internal spin interactions are themost important source

of information [Levi01] [Call91][Tala91]. However, since this work only deals with
3He and129Xe for imaging purposes, the internal spin interactions of Eq.2.5 can be

ignored for the following reasons:

• For spinsI = 1/2 there are no electric energy terms which depend on the ori-
entation or internal structure of the nucleus, i.e. all spins behave like a single point
charge at the nuclear center, so there is no quadrupole interaction.

• The J-coupling provides a direct spectral manifestation of the chemical bond.
As 3He and129Xe are atoms that do not form molecules under the experimental con-
ditions carried out in this experiments of this work,J-coupling do not have to be

considered. The same argument also applies to the chemical shift interaction.

• Direct dipole–dipole interaction had been recently observed in 3He gas at am-
bient temperature but at high pressures to slow down the diffusion [Zaen07], experi-

mental conditions that won’t be used in this work.
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Finally, the evolution of the spin system is described by thetime-dependent
Schrödiger equation

d
dt

|Ψ(t)〉=
−i
~
Ĥ |Ψ(t)〉 . (2.11)

Quantum mechanics has therefore given an explanation for the behaviour of a
nuclear spin; a single nucleus in isolation. However usually it is dealt with large en-

sembles in which different nuclei may occupy different states|Ψ(t)〉. The description
must therefore account for the ensemble averages. This is done by representing the

average by a sum over all subensembles, each with classical probability Ni . In each
subensemble all nuclei are in identical states|Ψ(t)〉. For example, the averaged ex-
pectation value along thez-axis then becomes

〈Ψ(t)| Îz|Ψ(t)〉= ∑
i

Ni 〈ϕi(t)| Îz|ϕi(t)〉 (2.12)

where the bar over a quantity is taken to represent the averaging of the subensembles
and |ϕi(t)〉 represent the eigenstates. For the case of spinI = 1/2, the expectation

value is given by

〈Ψ(t)| Îz|Ψ(t)〉 =
1
2

(

|N+|2−|N−|2
)

, (2.13)

whereN+ andN− are the number of spins in themI = +1/2 and themI =−1/2 states
respectively.

2.1.2 Semi-classical description

From the semi-classical point of view,N corresponds to the population of the energy

levels of Fig.2.1. The population of the two energy levels is very similar, because the
energy difference is small compared to the thermal energy ofthe system at ambient

temperature. The ratio of the populations in thermal equilibrium at temperature is then
given by a Boltzmann distribution

N+

N−
= exp

(

− ∆E
kBT

)

= exp

(

−~ω0

kBT

)

= exp

(

−~γB0

kBT

)

(2.14)

wherekB is Boltzmann’s constant andT is the temperature in kelvin. A related quan-
tity is the polarization,PB, which describes the excess population of the two energy

levels
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PB =
N+−N−
N+ +N−

= tanh

(

~γB0

2kBT

)

. (2.15)

This expression is simplified by the fact that the thermal energy is much bigger
than the magnetic dipole energy, thusT >> ~ω0/kB. This is the so-called “high

temperature” approximation, in which Eq.2.15becomes

PB ≈
(

~γB0

2kBT

)

(2.16)

For example,3He or 1H nuclei at room temperature and a magnet field of 4.7T

have a polarization of 19.6 and 26.1 per million respectively.

Finally the observable NMR-signal has an intensity which isproportional to the
sum of all magnetic moments. This macroscopic magnetization, M0, is then given by

M0 =
NS

∑
j

µj =
NS~γPB

2
(2.17)

whereNS = N+ +N− is the total number of spins.

In order to observe such a signal, the thermal equilibrium must be perturbed by

applying an additional magnetic field exactly at the resonance condition described by
Eq.2.4. This perturbation field is that one related toĤ r f of Eq.2.10. The r.f. field can

tip the spins, and with it the magnetization whenω1 ≈ ω0.

In a classical picture this applies a torque,τττtor = µµµ×B, to the magnetic dipoles or
in a quantum magnetic description generates transitions between the two energy lev-

els. Classically the torque corresponds to a displacement of the magnetization vector
described by the following equation of motion

dM
dt

= γM ×B (2.18)

where B consists of both, the static applied fieldB0 = (0,0,B0) defining thez-
direction, and the magnetic vector of the radio frequency field B1. The latter can

be thought of as a field rotating in thex–y plane at angular frequencyω1 = ω0. Thus
the classical picture of theB components are

B = (B1cos(ω0t),−B1sin(ω0t),B0) (2.19)

Equations2.18and2.19may then be combined to give three equations for the time

dependence of the components ofM , also known as the Bloch equations:
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Figure 2.2: Representation of magnetization vectorM0 tipped by an angleα:
(a) in a static reference frame, where it precesses around thez-axis and (b) in the
rotating coordinate frame (RCF), where the magnetization vector appears static
if the entire coordinate frame rotates with the angular frequencyω ≈ ω0 around
thez-direction.

dMx

dt
= γ [MyB0−MzB1sin(ω0t)]

dMy

dt
= γ [−MxB0+MzB1cos(ω0t)] (2.20)

dMz

dt
= γ [MxB1cos(ω0t)+MyB1sin(ω0t)]

These equations are not yet complete, since they do not account for relaxation

times.

2.2 The rotating coordinate frame

In a classical representation, the magnetization is viewedas a vector aligned with the

external magnetic field. The perturbation/excitation fieldB1 causes then a complex
motion of this vector by moving it away from thez-axis in spiral with frequencyω0 as
explained by Eq.2.20. To simplify the description of NMR experiments, the concept

of the rotating coordinate frame(RCF : x′,y′,z′ = z) is introduced, which rotates at
an angular velocity ofω = ω0 around thez-axis, as illustrated by Fig.2.2. Hence, the

notation of the magnetization vector during an NMR experiment greatly simplifies.

Equation2.18in theRCF (rotating with angular frequencyω) is then derived from

the static frame of reference by
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(

dM
dt

)

RCF
=

(

dM
dt

)

Static
+M ×ωωω (2.21)

rearranging terms in this equation, the following is obtained

(

dM
dt

)

RCF
= γM ×B+ γM ×ωωω/γ = γM ×Be f f (2.22)

where the termωωω/γ has the dimensions of a magnetic field and can be considered a

“fictitious” field, Be f f, that arises from the effect of the rotation, with

Be f f = B+ωωω/γ (2.23)

Equation2.22demonstrates that the ordinary equations of motion applicable in

the laboratory frame are valid in the rotating frame as well,providedBe f f, as defined
in the Bloch equations, is used in place ofB. Hence the complete expression is

Be f f = B0 +ωωω/γ+B1 =
ω0−ω

γ
ez+B1 (2.24)

2.3 Relaxation times

The return to the equilibrium of the magnetization after an excitation pulse is dom-
inated basically by two characteristics processes; one related to the magnetic field

alignment and the other to the loss of phase coherence in the detected signal, i.e. in
the rotatingx–y plane.

2.3.1 Spin-Lattice Relaxation

The application of aπ/2 pulse perturbs the spins from their thermal equilibrium

causing the net magnetizationM0 to rotate into thex–y plane, while the longitudi-
nal componentMz becomes zero. After the application of the pulse, the spins tend
to return back to equilibrium by exchanging energy with their surrounding neighbor-

hood, the so-called lattice. This is achieved through a relaxation mechanism which is
called “spin-lattice relaxation” and it is described by thespin-lattice relaxation time

T1. This relaxation describes the restoration ofMz back to its initial valueM0 after the
application of theπ/2 pulse. The relaxation rate ofMz is described by the equation

dMz

dt
= −Mz−M0

T1
(2.25)
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with the solution
Mz(t) = M0

(

1−e−t/T1

)

. (2.26)

In the case of laser polarized gases,T1 is also the characteristic time of the en-

semble to recover the thermal equilibrium toM0. However, as for optical pumped
gas the magnetization exceeds the thermal one,T1 does not describe a magnetization
recovery, but a decay without the need of applying any r.f. pulse. In other words, it

can be described as a polarization decay to the Boltzmann magnetization,M0, given
by

Mz(t) = M(0)e−t/T1 +M0 (2.27)

whereT1 depends mainly on the following relaxation mechanisms:

1
T1

=
1

TGrad
1

+
1

TWall
1

+
1

TDip
1

+
1

TO2
1

+

(

1

TvdWalls
1

in the case of Xe

)

(2.28)

which are described in the following:

• Gradient relaxation

In the presence of a magnetic field gradient, a moving atom will experience dif-
ferent magnetic field strengths. If the field fluctuations areclose to the transition fre-

quencyω = |∆E|/~ between Zeemann energy levels of Eq.2.3, then spin flips can be
induced, what result in a destruction of polarization with the following rate [Sche65]

1

TGrad
1

= D

(

|∇Bx|2+
∣

∣∇By
∣

∣

2

B2
0

)

(2.29)

where
|∇Bx|2+|∇By|2

B2
0

is the relative transversal gradient andD is the diffusion coeffi-

cient. This relation is only valid when the magnetic field andthe gas pressure1 are

sufficiently large, so that
ω0r2

D
>> 1 (2.30)

whereω0 is the Larmor frequency andr is the radius of the gas container [Cate88].

• Wall Relaxation

1see Eq.4.13.
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The surface relaxation mechanisms of laser polarized gasesare complex [Fitz69]
[Drie95], however can be outlined as

1

TWall
1

=
1
η

S
V

(2.31)

where S
V is the surface-to-volume ratio of the gas container andη is a coefficient

dependent on the surface material, the temperature, and themagnetic field strength.
Additionally, it is shown [Schm04] that small quantities of ferromagnetic materials in

glass cells, which are commonly used to store laser polarized gases, can dominate the
relaxation process due to magnetization if the cells have been close to strong magnetic

fields. The characteristic hysteresis curve have been also observed in such cases where
the relaxation time of3He is reduced from 200hoursto 10hours[Schm06] [Schm06b].

• Dipolar Relaxation

Dipolar relaxation is caused by atomic collisions, during which nuclear spins

couple via magnetic dipole interaction, transferring their energy into a relative angular
momentum. As a result, the nuclear polarization is lost. Theresulting relaxation rates
at room temperature have been derived for3He [Newb93] and129Xe [Hunt63]:

1

TDip
1

=
p

817h ·bar
for 3He (2.32)

and
1

TDip
1

=
p

61h ·bar
for 129Xe (2.33)

wherep is given inbar andh means hours. This relaxation effect is only relevant at
high pressures limiting long storages.

• Paramagnetic oxygen

Paramagnetic gases are also important as a depolarization factor. The most im-

portant paramagnetic gas is oxygen since it is usually inevitable in medical research.
The oxygen-induced depolarization rate has been empirically determined for129Xe

[Jame88] and3He [Saam95] according to

1

TO2
1

= 0.45
pO2

1.013
273
T

(

299
T

)0.42

for 3He (2.34)

and
1

TO2
1

= 0.388
pO2

1.013
273
T

(

300
T

)0.03

for 129Xe (2.35)
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given in 1/s, T in kelvin and the oxygen partial pressurepO2 in bar. These equations
are valid for a temperature range from 200K to 400K.

• Van der Waals Bound

Channet al. [Chan02] reported a new mechanism of depolarization for129Xe
given by the spin rotation coupling in bound Xe–Xe van der Waals molecules. Under

usual clinical conditions, this kind of relaxation can be considered as constant

1

TvdWaals
1

= 0.24h−1. (2.36)

2.3.2 Spin–Spin Relaxation

Following theπ/2 pulse, the tipped spins in the rotating transversex–y plane have

phase coherence but soon they move out of phase due to field inhomogeneities, in-
ternuclear dipole–dipole interactions, chemical shift, and other types of inter-nuclear
interactions. This loss of phase coherence is called “spin–spin relaxation” and it is de-

scribed by the spin–spin relaxation timeT2. The rate of change of the magnetization
in the rotatingx–y plane is described by the equation:

dMxy

dt
= −Mxy

T2
(2.37)

resulting
Mxy = Mxy(0)e−t/T2 (2.38)

In solids, internuclear dipole–dipole interactions are profound and they cause very
strong relaxation with a shortT2, while in liquids and gases these interactions are

usually averaged out due to the Brownian movement of the particles which results in
T2 . T1.

• Free Induction Decay (FID)

In pulsed NMR-experiments an intense r.f. pulse with an effective amplitudeB1

is applied (see Eq.2.10). The direction of notation of the magnetization in the rotating
coordinate frame (RCF) is described by the phase of the pulse, which defines the

direction ofB1 in thex–y plane. Then the magnetization will rotate aboutB1 with an
angular velocityω1 = γB1. A pulse of durationtp will therefore tip the magnetization

by an angleα = γB1tp.
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Figure 2.3: Free Induction Decay (FID), in blue, showing the exponential de-
cay with T∗

2 , in red. The oscillation is due to a small offset from the Larmor
frequency which leads to the beat frequency∆ω = ω−ω0 (see Fig.2.2).

The pulses are then classified by this tip angle and the r.f. phase (e.g.x pulse,
which rotatesM around the rotatingx’, see Fig.2.2). The oscillation of the macro-

scopic magnetization induces a small alternating current in the receiver coil. This
sinusoidal oscillating current atω0 decays exponentially with time, see Fig.2.3.

In inhomogeneousB0 fields, the rotating spins in the transverse plane experience
different fields and rotate at slightly different angular frequencies. This leads to an

additional loss of phase coherence which causes the signal to decay more quickly than
the time constantT2. This signal decay, which is generally met (see Fig.2.3), is called
the “Free Induction Decay” (FID) and it is characterized by the time constantT∗

2 in

the rotatingx–y plane (considering (T∗
2 << T1)):

Mxy(t) = M0e−t/T∗
2 , (2.39)

where at timet = 0 theπ/2-pulse is applied, and the relation between theT2 andT∗
2

time constants is given by the equation

1
T∗

2
≡ 1

T2
+

1
T ′

2
+ γ∆B0 (2.40)

whereT ′
2 is an additional term which arises from local changes in the magnetic sus-

ceptibility of the sample [Haac99], andγ∆B0 are inhomogeneities in the external field
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experienced by the spin (usually due to the movement of the particle).

2.3.3 Relaxation in porous media

Porous media are characterized by a large surface to volume ratio. If He and Xe are
inside a porous media at room temperature and ambient pressure, with pores sizes

smaller than 1mm, during a normal acquisition time of 1ms they can easily collide
with the pore walls due to their diffusional motion (see section 2.6). Then the decay

factor 1/TWall
1 can be the dominant decay time in Eq.2.28.

One relaxation mechanism for spins in pores involves the presence of strong re-
laxationsinksat the pore surface [Call91]. Thesesinksmay be due to the presence

of paramagnetic centers at the surface, to dephasing causedby strong local magnetic
field gradients or to the momentary reduction in rotational tumbling experienced by a

molecule as it adheres to the surface.

Clearly the ratio of the pore surface to pore volume will varyaccording to the

pore size so that a priori we might expect the overall relaxation behaviour to be simi-
larly size dependent. The problem can be solved by a classical “magnetization diffu-
sion” approach of the Bloch equations assigning a spatiallymagnetization distribution,

ρm(r , t), which obeys the following differential equations [Brow79]:

D∇2ρm =
∂ρm

∂t
(2.41)

and
(Dn∇ρm+ηρm)surf = 0 (2.42)

wheren is the unitary vector perpendicular to the surface andη the sink strength
[Call91].

Equation2.41is applied within the volume of the pore and Eq.2.42in the surface.

In general the solution takes the form of a sum of normal modeswhich depend on the
geometry andη :

S(t) = S(0)
∞

∑
i=0

Aie
−t/τi (2.43)

assuming the initial conditionρm(r ,0)) = S(0)/V. This equation can describe either
theT1 or T2 relaxation process, depending on the value ofη chosen. The parameters

which determineAi andτi are the molecular self-diffusion coefficient,D, the pore size,
and the average value ofη over the surface. This last parameter is somewhat empirical

and a variety of methods are employed in its estimation [Call91].
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2.4 Magnetic Field Gradients

Spatial information can be introduced in NMR in a straight-forward way, by mak-
ing the observed frequency spatially dependent. The easiest way to realize this

is to perform the experiment with an additional spatially varying magnetic field,
Br(r), whereωr(r) = γBr(r), which is superposed to the static magnetic fieldB0 as

B(r) = B0+Br(r). Usually this additional field has a linear dependence on space i.e. a
constant gradient.

For instance a magnetic field gradient in thex-direction is given byGx ≡ ∂Br(r)
∂x

and will cause the following dependence of the NMR-frequency on space

ω(x) = γBx = γ
(

B0+x
∂Br(r)

∂x

)

= γ(B0+xGx) = ω0 + γGxx . (2.44)

2.4.1 Spatially dependent NMR signals, k-space

Without any field variation and without any motion of the spins, the NMR signal can

be expressed as a spatial integral with a local weighting factor, ρ(r), the spin spatially
distribution density:

S(t) =

∞
∫

−∞

ρ(r)e−iγω0tdr . (2.45)

Hence, in the presence of a gradient in thex-direction the expression of Eq.2.44has
to be substituted:

S(t) =

∞
∫

−∞

ρ(x)e−iγ(B0+Gxx)tdx. (2.46)

Mansfield [Mans73] introduced the concept of a reciprocal space vector,k, de-

fined by

k ≡ γ
2π

t2
∫

t1

G(t)dt (2.47)

for a gradient lasting fromt1 to t2. Thek-vector has a magnitude expressed in units of
reciprocal space, and from Eq.2.47it becomes clear that thek-space may be sampled

by changing either the duration of the gradient or the gradient amplitude.
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Figure 2.4: Principle of frequency encoding. The situations of two differently
shaped samples in a homogeneous magnetic field (left) and with an additional
gradient field (right) are shown.A: 3D representation of the objects.B: Projec-
tion along the y-axis.C: NMR spectra of the objects.

The frequency-encoded spatial distribution (image) can beuncovered by a Fourier
transformation of the time signal in Eq.2.46,

ρ(x) =
1

2π

∞
∫

−∞

S(kx)e
−i2πkxxdkx (2.48)

which for a one dimensional case corresponds to a 1D projection of the spin density,

as illustrated in Fig.2.4.

This concept can be easily be extended to two or more dimensions by introducing

further gradients, e.g. for a complete 3D-image

ρ(r) =
1
2π

∞
∫

−∞

S(k)e−i2πkr dk. (2.49)

Hence, the size and resolution of the image is defined by the way k-space is

scanned. Thek-vector, on the other hand, can be scaled by changing either strength
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Figure 2.5: a) A gradient is applied in thex-direction of a sample (blue rectan-
gle) b) The spin ensemble before is flipped and represented inthe rotating frame
(RCF) , φ = 0 . c) After a certain time, depending on its position (i.e. gradient
strength) the spins will be dephased,φ = γGxxt. The bigger the magnetic field ,
the more dephased are the spins.

or duration of the gradient pulses in an imaging sequence.

2.4.2 The spatial phase

As a frequency is only a temporal change of phase,ω = dφ
dt , Eq.2.44can be integrated

in the reference coordinate frame to

φ(r , t) = γ
t
∫

0

r(t ′)G(t ′)dt ′ (2.50)

which is the phase evolution at positionr during the application of an arbitrary gra-
dient shape,G(t ′), during timet, as shown in Fig.2.5. This also explains the loss of

phase coherence in the presence of field inhomogeneities, inthis case a gradient, as
discussed in Eq.2.40.

For a static sample (i.e.r(t) = r ) this equation simplifies to

φ(r , t) = γr

t
∫

0

G(t ′)dt ′ = 2πk(t)r (2.51)

The product ofkr can therefore be identified as a phase.
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2.4.3 Echoes

The application of gradients rapidly dephases the NMR signal (see Fig.2.6), which
makes the concept of rephasing echo sequences very favorable for the complete acqui-

sition of the NMR signal. For NMR imaging sequences two strategies of refocusing
such dephased signals are of importance, one is using r.f. pulses (the so-called Hahn-

or spin-echo) and the other gradients (hence called gradient-echo).

The latter is easily understood, because Eq.2.50already shows that any dephas-
ing due to the application of a gradient pulse can be undone byinverting the sign

of the gradient. This Gradient Echo (GE) acts as follows: an r.f. pulse excites the
spins and brings a noticeable component of the magnetization into the rotatingx–y

plane. Subsequently, a gradientG induces a rapid dephasing of the spins during a
time τ, resulting in a phase spread∆φGE

dephase= γrGτ, where a static sample (r(t) = r )
and rectangular gradient shape (G(t) = G) are assumed. Rephasing is achieved by

inverting the gradient amplitude to−G , so that after a timeτ all phase spread
is refocused∆φGE

rephase= γr(−G)τ. The total phase after a 2τ time (echo time) is

∆φGE
dephase+ ∆φGE

rephase= 0. This is identical to the spins reaching their initial posi-
tion in theRCF independent on their spatial position, the definition of an echo (see

Fig.2.6).

The rephasing and dephasing of this echo is recorded in the presence of the 2nd
gradient of Fig.2.6, which therefore must have a duration of 2τ. This corresponds to

the acquisition of an horizontal line in thek-space (see Fig.2.7 from point 3 to point
4).

Alternatively, an echo can also be generated by inverting every phase of the spin

system. This can be done by the application of aπ-pulse at a timeτ in the center of
the sequence, which inverts the phase distribution symmetrical to its direction in the

RCF, applying the second gradient without inversion.

Such spin-echoes allow for complete rephasing independentof the field inho-
mogeneities (the gradient is switched on during the entire sequence without inver-

sion). Therefore, changes in local susceptibilities and inhomogeneities of the main
magnetic field are also refocused. Of course, the gradient echo misses such “extra-
inhomogeneities” because it can only refocus the phase-spread due to the field inho-

mogeneity of the gradient field itself.

Nevertheless, the gradient echo is more favorable for samples which are not in
thermal equilibrium (e.g. hyperpolarized gases). This is because so far the inhomo-

geneity in theB1 field was neglected. This is usually bigger than the imperfections
in B0. In reality aπ-pulse will therefore only cause a perfect phase inversion for a

very small region of the sample and destroy significant amounts of hyperpolarization
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Figure 2.6: a)Graphic representation of gradient echo sequence: The top line
shows the r.f. excitation (green) and the resulting NMR signals, of which the
latter is the gradient echo. The central row depicts the gradient amplitude which
is reversed during the second pulse to invert the phase spread, shown in b). Here
the gradient is also represented over the sample as a function of space. In the
RCF (bottom) the individual phases at different locations (indicated by color)
and different times in the sequence are shown.
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everywhere else. An effect less important in the case of gradient echoes, since the first
and only r.f. pulse can be set to very small amplitude (typically 5◦–10◦) due to the

large magnetization.

2.5 Spatial resolution (MRI)

So far only the concept of frequency encoding has been discussed in section2.4.
Therefore, a gradient is switched on during the sampling of the NMR signal. In order

to acquire a complete trajectory ink-space, thek-vector and the associated phase, see
Eq.2.51, must firstly become negative and evolve through a conditionequals to zero

(that is the echo maximum) to a corresponding positive value. This corresponds to a
dephasing interval (points 1–2 in Fig.2.7) to achieve a maximal negativek-read value
followed by a rephasing interval centered on the maximum of the echo (points 3–4 in

Fig.2.7). Because the complete signal is recorded during this interval, the associated
gradient is called “read”.

The field of view (FOV), i.e. the maximum region which can be imaged, depends

in general on the interval∆k used to sample thek-space,FOV = 1/∆k [Haac99]. In
the case of frequency encoding, it depends on the sampling time, the “dwell time”
(DW) between the acquisition of two data points, and the gradient strengthGread as

follows [Haac99]:

FOVread =
2π

γ GreadDW
or FOVread =

nπ
γGreadτ

(2.52)

wheren is the number of sampled data points andτ is defined in Fig.2.7.

Perpendicular directions ofk-space are then accessible by adding a phase con-
tribution to thek-vector prior to sampling. This is typically done in the dephasing
interval during which an additional gradient is switched on(blue stepped gradient

in Fig.2.7). This sets a second component of thek-vector, which then points in the
second dimension ofk-space. Because only one such step is possible per “read”-

trajectory, the procedure has to be incrementally repeatedin separate experiments.
This gradient manifests its influence on the recorded signalsolely by a spatial phase,

see Eq.2.51, therefore it is called the “phase” gradient.

The phase gradient is kept constant during the timeτ , but its amplitude is incre-

mented by∆Gphasefrom experiment to experiment (see Fig.2.7). The phase change of
the NMR signal is proportional to the location of the spinsr , which solving Eq.2.51

for the sequence of Fig.2.7gives
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Figure 2.7: Time diagram of a 2D gradient-echo imaging sequence (left) and
the resulting path throughk-space (right): The numbers indicate the position in
the k-space reached at certain times during the sequence. Point 1corresponds
to k = (0,0) . The read gradient dephases the spins, hence pushing the associ-
ated component,k-read, to its positive maximum. However, at the same time
an orthogonal gradient adds another phase contribution, resulting in ak-vector
pointing to 3. A gradient inversion subsequently begins to invert the phase evo-
lution of the spin system. Then the rephasing starts, and theNMR signal is
acquired (marked with green arrows). Leaving the read gradient on for twice the
dephasing duration,τ, samples a complete horizontal line ink-space (from point
3 to 4). In repeating this process for different strengths ofthe phase gradient,
the entirek-space is sampled.
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Figure 2.8: Slice selection pulse: asinc shaped pulse in the time domain rep-
resents a square frequency selection after Fourier transformation. By parallel
application of a bipolar gradient, only spins in a certain slice of the sample are
escited (see text for details).

∆φ = γτ∆Gphaser (2.53)

Hence, for this method, thek-space is sampled by incrementingGphaseinstead of

the time, and theFOV is given by [Haac99]

FOVPhase=
2π

γ∆Gphaseτ
. (2.54)

Typically a combination of both, frequency and phase encoding techniques, are

used as shown in Fig.2.7.

The concept ofk-space sampling can easily be extended to 3D by adding a sec-
ond phase gradient to the sequence, which is then stepped in an independent loop.

However, this is a very time consuming process and enormous data sets are produced,
because a complete third dimension has to be acquired. Typically only a limited region
of a sample is of interest anyway, therefore only a few slicesthrough this volume are

sufficient. Such NMR tomography can be realized by the application of slice selective
r.f. excitation with shaped pulses.

The principle of selective excitation is depicted in Fig.2.8. A sinc-shaped pulse

(sin(x)/x) excites a rectangular spectrum in the frequency domain. In afirst approxi-
mation the excitation pulse lengthtpulse is inversely proportional to the spectral width
∆ωpulseexcited by this pulse, see Fig.2.8.

A long “soft” pulse, which is often modulated in shape, can therefore selectively

excite only a part of the whole spectrum. In presence of a gradient, this leads to a slice
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Figure 2.9: Representation of self-diffusion: translation of a particle in space
and time (trajectory and axis in red) and, superposed in black, its probability
function for moving fromr to r ′ in a time t. The probability is a Gaussian
described by Eq.2.60.

selection, as the spectrum is the projection of the sample along the gradient direction

(see Fig.2.4). As the phases of the excited spins start to dephase alreadyduring the
time of the slice selection pulse under influence of the gradient, usually a refocusing

gradient pulse is applied with inverted amplitude and half the time of the r.f. pulse (see
Fig.2.8). Hereby, ideally all spin phases in the slice are refocused.

2.6 Diffusion

Diffusion is usually defined as the transport of matter (gas,liquid or solid mixtures) by

relative movement of the particles in concentration, temperature or pressure gradients.

2.6.1 Statistical description

The classical description of diffusion is given by Fick’s laws, (diffusion at constant
temperature and pressure).

J(r , t) = −D∇c(r , t) (2.55)

This equation states that a gradient of concentrations,∇c(r , t), is proportional to
the induced flux of matter,J(r , t), wherer is the position of the particle at the timet,

as defined in Fig.2.9. The factor of proportionality is the diffusion coefficient, or more
generally the diffusion tensor. It is a tensor because matter can diffuse differently

depending on the direction.
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Combining the continuity equation

∂c(r , t)
∂t

= −∇J(r , t) (2.56)

with Eq.2.55, Fick’s second law is obtained to describe the temporal behaviour of the

concentration

∂c(r , t)
∂t

= ∇D∇c(r , t) (2.57)

However this model of diffusion does not give a good explanation of the move-
ment of a particle when the concentration plays no role, i.e.when the particle is
moving in the absence of a concentration gradient, the so called self-diffusion. Self-

diffusion is the random translational motion of molecules driven by internal kinetic
energy, it is also closely related to molecular size, as it can be seen from the Stokes-

Einstein equation :

D =
kBT

fr
(2.58)

whereT is the temperature of the system,fr is the friction coefficient andD is the
scalar diffusion coefficient, i.e. the diffusion tensor when it is completely isotropic.

The friction coefficientfr is not easy to calculate because molecular shapes are com-
plicated and may include contributions from factors such ashydration. Therefore, a

statistical description of self-diffusion is usually moresuccessful. For this purpose a
correlation functionP(r |r ′, t), which describes the probability of the movement of a
particle fromr to r ′ in a timet, is introduced. This correlation function also follows

Fick’s second law:

∂P(r |r ′, t)
∂t

= ∇D∇P(r |r ′, t). (2.59)

For isotropic diffusion a solution of Eq.2.59 is a Gaussian, as depicted in
Fig.2.9[Call91]

P(r |r ′, t) =
e−(r ′−r)2/(4Dt)
√

(4πDt)3
. (2.60)

Another important parameter for the description of diffusion is the mean path that

the particle travels during a certain time. This parameter is also known as the mean
square displacement and is given by the Einstein-Smoluchowski equation [Eins05]

[Smol06]:
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〈

(r ′− r)2〉= 2nDt (2.61)

wheren is the number of dimensions in which the particle is allowed to move [Call91].

2.6.2 Restricted Diffusion

The considerations made above are only valid for particles which are allowed to move
everywhere, resulting in a Gaussian probability. However,reality is different and usu-

ally diffusion is spatially restricted. In such a case the probability function will be
different and harder to calculate. Therefore,ξ, a ratio between the measured (experi-

mental or apparent) diffusion coefficient,ADC(t), which is generally time dependent
and the diffusion coefficient for the free diffusion (unrestricted),D, is defined [Pric97].

This dimensionless variableξ will indicate the level of restriction due to obstacles.

ξ(t)≡ 2n ADC(t) t
〈(r ′− r)2〉 f ree

(2.62)

where
〈

(r ′− r)2
〉

f ree is the mean square displacement of the particle when it diffuses
freely.

There will be two different regimes ofξ depending on the time used to measure

the diffusion. Measurements for a short time do not allow theparticles to collide
extensively with the walls that limit the movement (ADC≈ D). On the other hand in

long time limit measurements of the mean square displacement of the particle have to
be the cavity size (ADC< D).

If the shape of the cavity deviates from a sphere, then the observed diffusion
coefficient also depends on the direction of the measurement. In the case of a cylinder

parallel to thez-axis, as shown in Fig.2.10, the diffusion in thex- or y-direction is
restricted by the diameter while it is free along thez-direction

Thus the diffusion coefficient becomes a tensor. In real samples this is the most
common case and the most general description. Because of thesign independence of

the diffusing particle mean path
〈

(r ′− r)2
〉

, the tensor is symmetric and can be written
as:

D =







D11 D12 D13

D12 D22 D23

D13 D23 D33






.
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Figure 2.10: Particle diffusing inside a cylinder parallel to thez-axis. The
empty circle represents a particle when its position is initially encoded and the
full one when the measurement stops. The red arrows shows themean square
displacement along to each axis.

2.6.3 Determination of the diffusion coefficient by NMR

Because diffusion is defined by the distance a particle travels randomly in a certain
time, it is clear that spatially varying magnetic fields, i.e. field gradients, can be used

to observe its influence on the NMR signal. Therefore, two gradients of identical in-
tensity and duration but opposite direction are added to a FLASH sequence [Haas86],
as shown in Fig.2.11(a). In case of static particles , the dephasing of the spins dur-

ing the first gradient is perfectly rephased and results in annot attenuated echo, see
Fig.2.11 (b). However if the particles diffuse, they change their position during the

experiment and hence their phase spread is no longer refocused perfectly, resulting in
an attenuation of the echo, see Fig.2.11(c).

This process can be expressed by rewriting Eq.2.46 in a more general form in-

cluding Eq.2.60:

S(t,G) =

∞
∫

−∞

∞
∫

−∞

ρ(r)P(r |r ′, t)e
iγ

t
∫

0
Grdt

drdr ′ (2.63)

where the density,ρ(r), is weighted by the correlation function,P(r |r ′, t). To solve

this equation, the magnitude and the duration of the appliedgradients, as well as the
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Figure 2.11: Difference of dephasing and rephasing between a diffusing parti-
cle and a static particle. Since the static particle is always at the same position
in the gradient, its phase is completely refocused (as in Fig.2.6). However, as
the diffusing particle moves, its spin is not completely refocused which leads to
a loss of echo signal related to the diffusion.

times of the r.f. pulses, have to be known. For the sequence depicted in Fig.2.11(a)

this gives the following solution:

E(G,δ,∆) =
S(G,δ,∆)

S(0,δ,∆)
= exp

[

−γ2G2Dδ2
(

∆−δ
3

)]

(2.64)

also known as Stejskal-Tanner equation [Stej65]. E(G,δ,∆) defines a normalized echo
attenuation, which depends on the gradient duration,δ, and interval∆ as defined in

Fig.2.11(a). It does not depend on the densityρ(r) sinceρ(r) is time independent.

In the absence of gradient, the echo intensityE(0,δ,∆) is maximal. By increasing

the gradient intensity, the echo signalE(G,δ,∆) decreases due to the influence of
diffusion, which leads to an imperfect refocusing of the spin phases.

Since in a real experiment, perfect rectangular gradient pulses cannot be realised,
the ideal gradient shape of a step function is artificially smoothed by applying short

ramps during a timeε at the beginning and the end of the pulses as depicted in Fig.2.12.
The solution of Eq.2.63for such trapezoidal gradients results in the following expres-

sion for the echo attenuation [Chen99]
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Figure 2.12: Timing diagram in the diffusion sequence for trapezoidal gradi-
ents, in a spin echo sequence, (a), and in a gradient echo sequence, (b).

E(G,δ,∆) = exp

{

−γ2G2D

[

δ2
(

∆−δ
3

)

+
ε3

30
− δε2

6

]}

. (2.65)

Varying the strength ofG in a diffusion sequence will produce a Gaussian depen-
dence of the echo amplitude on the gradient strength. The diffusion coefficient can be
obtained by fitting such curve with a linear regression of lnE versusG2.

In the case of anisotropic diffusion, Eqs.2.65 and2.64 have to be modified by

the tensorial description of the diffusion coefficient (with ideal gradients, i.e.ε → 0)
[Pric97]

E(G,δ,∆) = exp

[

−γ2GDGδ2
(

∆−δ
3

)]

(2.66)

where the product of gradients and diffusion tensor resulting in

GDG = (Gx,Gy,Gz)







D11 D12 D13

D12 D22 D23

D13 D23 D33













Gx

Gy

Gz







Because of the symmetric nature of the tensor only 6 different diffusion coeffi-

cients have to be determined; for example the gradient directions xx, yy, zz, xy, xz, yz
in the following equation derived from Eq.2.66

lnE(G,δ,∆) = −γ2δ2(∆−δ/3) ∑
i=x,y,z

∑
j=x,y,z

GiDi, jG j . (2.67)
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Measurement in restricted geometries

In case of restricted diffusion Eq.2.59 can be no longer solved exclusively in the

time domain (i.e. the NMR sequence acting on freely diffusing particles), because
P(r |r ′, t) then obviously has spatial “cut-offs” which have to be takeninto account.

This represents a severe complication and can only be solvedanalytically for simple
geometries, which are only summarized here (for details see[Call91]). The analytical

solutions for a rectangular (i.e. walls in a distancea), a cylindrical and spherical pore
of radiusa are listed below:

• Rectangular

E(q) =
2−2cos(2πqa)

(2πqa)2 +4(2πqa)2
∞

∑
i

exp

(−i2D∆
a2

)−1(1−)i cos(2πqa)

[(2πqa)2− (iπ)2]
2 so thatq=

γδG
2π

(2.68)

• Cylindrical

E(q) = exp

{

−2γ2G2
∞

∑
i

f (αi)

}

(2.69)

with

f (αi) =
2Dδα2

i −2+2exp(−Dαi∆)+2exp(Dαiδ)−exp[−Dαi(∆+δ)]−exp[−Dαi(∆−δ)]

D2α6
i (a2α2

i −1)
(2.70)

where theαi are the roots of the following Bessel-function equationαiaJ0(αia) =

J1(αia).

• Spherical

E(q) = exp

{

−2γ2G2
∞

∑
i

g(βi)

}

(2.71)

with

g(βi) =

2δ
β2

i D
− 2+exp[−β2

i D(∆−δ)]−2exp[−β2
i Dδ]

β4
i D2 − exp[−β2

i D(∆+δ)]+exp[β2
i Dδ]

β4
i D2

β2
i (β2

i a2−2)
(2.72)

where theβi are the roots of the following Bessel-function equationβiaJ′3/2(βia) =
1
2J3/2(βia).
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2.7 Hyperpolarization Methods

Conventional NMR methods suffer from a main problem that limit their power and
applicability; a notorious lack of sensitivity. This fundamental insensitivity originates

from the minuscule size of nuclear magnetic moments, which results in an exceedingly
small equilibrium nuclear spin polarization in even the high magnet fields, as already

shown in section2.1.2.

Figure 2.13: Effect of nuclear polarization of an ensemble of spin-1/2 nuclei in
comparison with the Boltzmann distribution. In the top image is depicted the
thermal equilibrium; the number of spins aligned anti-parallel to the magnetic
field is nearly equal to the number of spins aligned parallel,resulting in a small
polarization. In the bottom image is depicted the optical pumping polarization;
with optical pumping the population distribution of the spins can be driven away
from equilibrium, thereby increasing the polarization to order unity [Good02].

In certain systems, however, the sensitivity of NMR spectroscopy and MRI can be

greatly enhanced via optical pumping. In that case, angularmomentum is transferred
from laser photons to electron spins and finally via magneticcoupling (hyperfine inter-

action) to nuclear spins, thereby temporarily enhancing the nuclear spin polarization in
these systems by four to five orders of magnitude, as schematically shown in Fig.2.13.

Two methods are common to achieve optical pumping of nuclearspins of noble
gases: alkali metal spin exchange, (used for129Xe or3He), [Bouc60] and metastability

exchange, (used for3He) [Cole63].
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Figure 2.14: Alkali-metal optical-pumping/spin-exchange processes.(a) Opti-
cal pumping process of the D1 transition in Rb metal, by circular polarizedσ+

laser light. The excited states are mixed by gas collisions and radiation trap-
ping is avoided by the admixture of N2 as a quench gas. (b) Exchange via the
formation of van der Waals molecules by collisions with N2 at low pressures.

2.7.1 Alkali Metal exchange

It is well know that alkali metals vapour can be optically pumped [Good02]. There-
fore using saturated rubidium vapour at temperatures between 100◦C and 200◦C, in-

side a pump cell made from glass, that does not suffer damage because of chemical
reactions. Rubidium vapour can be optically pumped with a circularly polarized laser
light with a wave length ofλ = 795nm. The optical pumping cell contains a gas ad-

mixture of4He, N2, the isotope to polarize (129Xe or 3He) and the alkali metal vapour
at elevated pressures (5–7bar). Both,129Xe or 3He, can be polarized by this method,

nevertheless the explanation will focus on129Xe. Nitrogen is needed to make possible
non-radiative transitions to the ground state, and withoutN2 the unpolarized fluores-

cence light will be absorbed again by the alkali atoms, thus reducing drastically the
achievable electronic polarization.

The process has two steps; firstly the valence electrons of rubidium are polarized
by the laser, reaching polarizations close to 1, see Fig.2.14(a). The orientation of the

electronic spins(J) is then transferred to the nucleus spin(I), in the case of129Xe by
the characteristic formation of a Van der Waals molecule that links both atoms (see

Fig.2.14(b)).

Nitrogen is added to the gas mixture to quench the fluorescence of the electroni-

cally excited alkali metal atoms, which would otherwise work to depolarize the elec-
tron spins. The typically achieved polarization values arearound 10–30 % for129Xe.
4He is added to raise the pressure in the cell to broaden the absorption line of rubidium
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by collisions.
The alkali metal exchange method is also suited for hyperpolarizing3He, but it is

less effective than for129Xe. This is due to the very small collision cross section and
to the fact that the probability of the formation of Van der Waals molecules in3He is
much smaller, because of the smaller polarisability of the electrons shell.

2.7.2 Metastability exchange

Figure 2.15: Metastability exchange: (a) relevant energy levels involved in the
creation and subsequent nuclear spin polarization of metastable 3He gas. (b)
He∗–He collisions permitting energy-conserving metastability exchange.

To hyperpolarize the3He, instead of optical pumping of an alkali metal tran-

sition, a metastable electronic state of the3He itself is pumped, which then trans-
fers its electronic polarization to nuclear3He spin polarization. Before the3He gas

can be optically pumped, a small portion of the gas must first be excited from the
ground electronic state 11S0 into the metastable state 23S1, see Fig.2.15(a); this is

achieved by applying a weak r.f. discharge to the optical pumping cell. Metastable
atoms can then be optically pumped by absorbing circularly polarized laser light at
λ = 1083nm, which drives population from the state 23S1 (F = 1/2) level or the state

2 3S1 (F = 3/2) level to the 23P0 (F = 1/2) level. By collisional mixing of the excited
states and isotropic reemission into the different 23S1 hyperfine states, the population

is driven into the states with positivemJ quantum number. The polarization of the
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3He atom is then transferred to the nuclear state of the groundstate, as is shown in
Fig.2.15 (b), via so called metastability exchange collisions. In these processes the

metastability is exchanged while keeping the total angularmoment conserved. This
means that:

3He(m= −1
2
)+3 He∗(mF) ⇋ 3He(m= +

1
2
)+3 He∗(mF −1) . (2.73)

This is a purely electrostatic process being much more effective than the spin-

exchange via hyperfine coupling. Since due to optical pumping with a σ+-light the
metastable3He∗ atoms withmF > 0 are more populated, the above transfer reaction

goes predominantly from left to right terms, populating thenuclei of the ground state
atoms in them= 1/2 state.

In comparison to alkali metal exchange the restriction to low pressures in metasta-
bility exchange poses the main problem, as the polarized gashas to be compressed

from mbarorder tobar order to accumulated sufficient amounts of gas, without losing
its polarization. This problem was solved by using a compressor without any magnetic
parts, as shown in [Schm04]. Hereby, polarization up to 73% are obtainable for dif-

ferent applications in NMR and MRI. The maximum polarization value achieved in
an optimized setup inside a sealed optical pumping volume was 91%±2% [Wolf04].
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Experimental Setup

3.1 Hyperpolarization of 129Xe and 3He

Two methods are common to achieve optical pumping of nuclearspins of noble gases:

alkali metal spin exchange, (used for129Xe or 3He), [Bouc60] and metastability ex-
change, (used for3He) [Cole63] (see section2.7).

3.1.1 LP129Xe: experimental details

129Xe is polarized in a home-built polarizer designed and constructed by S.Appelt
and coworkers at the Research Center Jülich, Germany [Appe00], of which a sketch

is shown in Fig.3.1. A high-pressure gas-bottle of xenon and buffer gases (94 %4He
and 5 % N2 and 1 % xenon) is connected to the apparatus. The4He is needed to
increase the pressure to broad the absorption lines by collision. The working pressure

is adjusted to 7barsand the flow of this gas mixture throughout the device is controlled
by a needle valve that opens to ambient pressure.

The gas flow is directed through a flow meter that measures the flux in mL/min

and was usually adjusted to 200mL/min. Behind the flow meter the gas is mixed with

rubidium vapour and allowed to enter the polarizing chamber. The rubidium vapour
is produced by heating a small reservoir by a temperature controlled heat gun with the

temperature usually adjusted to 140◦C [Mühl07]. The polarization chamber is made
from 5mmthick glass and has plane-parallel sides where the laser light enters to excite
the rubidium. The laser has two laser-diodes (Coherent Inc)producing each 30W of

light with a wavelength ofλ = 794.7nm. They were combined in a fiber and after a
circular polarizerλ/4 plate focused on the chamber. The entire setup has to be placed

in a relatively strong magnetic field of 9.32G generated by a Helmholtz-coil.

37
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Figure 3.1: Schematic representation of the xenon-polarizer. See textfor de-
tails.

The polarized xenon is then separated from the buffer gases by directing the gas
flow through a cold finger, which is submerged in liquid nitrogen. However, the

condensed xenon has to be stored in a relatively strong field,to avoid relaxation of
129Xe via 131Xe [Appe98]. Therefore, a special permanent magnet was designed (see

Fig.3.2), which produced a relatively homogeneous field of 0.3 T [Blüm04].

The amounts (pressure) of hyperpolarized129Xe were controlled by the duration

of the freezing time and the gas flux. Typical values were freezing times lasting be-
tween 5–20 minutes at a 300mL/min (7bar overall pressure). The resulting pressures
of xenon in a volume of 0.3L (after evacuating the buffer gases) at room temperature

are listed in Tab.3.1.

Time/[min] 7.5 12 16 20
Pressure/[bar] 1.10±0.05 1.60±0.05 2.05±0.05 2.35±0.05

Table 3.1: Pressures of hyperpolarized xenon produced in a bottle of 0.3L by
different polarization times. The gas flux was adjusted to 300mL/min and the
buffer gases removed.

3.1.2 LP3He: experimental details

In Fig.3.3a schematic drawing of the polarizer and compressor is presented. The pro-
cess begins in a titanium getter, where the3He gas is purified. Then it flows throughout

five glass cells, where it is excited in the metastable state by an rf-plasma. Therefore,
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Figure 3.2: Home made magnet (Halbach design) to store the hyperpolarized
129Xe. The magnet consists of an arrangement of 16 bar magnets indifferent
orientations. Left: representation of the magnetic flux lines. The magnets are
shown in green and their magnetization direction by red arrows. The gray shades
depict the flux density. Right: photograph and dimensions ofthe finished magnet
operating at a magnetic field of. 0.3T in its center at a total height of 250mm
[Blüm04].

Figure 3.3: Schematic representation of the3He polarizer. Due to dimensions,
only one instead of 5 optical pumping cells has been drawn. See text for details.
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foil-electrodes are attached to the sides of each glass cell. A circularly polarized laser
beam with a wave lengthλ = 1083nm is guided through the cells. Two fiber-lasers

with 15W each are combined to obtain sufficient power. The flow rate of the gas is
adjusted to achieve a polarization in the order of 60%–80%. However, the fact that
plasma has to be ignited sets an upper limit to the usable pressures, which must be

in the range of 10−3bar. As a consequence the polarized3He has to be compressed
to useful pressures. This is achieved by a hydraulic compressor with an interior vol-

ume of 15L, which presses the gas in a storage deposit of 4L at a pressure of about
300mbar. In a second step of compression, the gas is brought from the storage deposit

to a glass transport cell. Of course the entire equipment must be placed inside a low
magnet field of 8G. With this instrumentation production rates of 3bar · L/hour of

hyperpolarized3He ofP≈ 60%–65% can be achieved [Schm04].

The glass transport cell is made from an alkaline-earth-alumina-silicate glass.
These glass cells have a volume of ca. 1L and a relaxation time,T1, up to 200hours.

The final pressure inside the transport cell is ca. 3bar.

Figure 3.4: Transporter container of the gas cell (left) and home made cylin-
drical electromagnet to store the hyperpolarized3He in MRI-lab of the MPI-P
(right). Left; The walls of the container have permanent magnets for field gen-
eration and shielded from external fields by a double layer ofµ-metal. Right;
the coil produces 25G with a current of 2A. 2D axisymmetric FEM calculation
of the flux lines inside this coil the gray scale intensities denotes the magnetic
flux density, which is optimized for homogeneity and a maximal access to the
center. Therefore the equally spaced coils had to have 229 windings at the ends
while 158 were sufficient for the three in the center.
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The polarization of the gas will only survive when the cell always stays inside
an homogeneous magnetic field. As a consequence, special containers had to be de-

signed for the transportation of these cells. They contain permanent magnets for field
generation and shielded from external fields by a double layer of µ-metal [Gros00].
The relaxation time of the gas inside such boxes is longer than 100 hours. With such

a box the gas can easily transported from the central3He production facility in the
Institut für Physik to the Max Planck-Institut für Polymerforschung (MPI-P). Once in

the MPI-P, the glass cell is stored inside a home made electromagnet of 25G shown in
Fig.3.4.

3.2 Magnet and Spectrometer

All measurements were performed in a horizontal magnet of 4.72T with a 20cmbore1.

Shielded gradients (Bruker, Rheinstetten) with strengthsup to 300mT/mwith a inter-
nal diameter of ca. 50mmwere driven by DC-amplifiers (Copley Controls Corp.). A
double resonant birdcage coil (Bruker) with an inner diameter of 26.5mmwas used to

excite129Xe and3He at Larmor-frequencies of 55.59MHz and 153.096MHz, respec-
tively. The gradients and the r.f. pulse were controlled from a Maran DRX console

(Resonant Instruments) which runs under a Matlab (Mathworks Inc.) home made
environment.

The gradients were calibrated imaging a sample with a known size at different

gradient strengths. Then a comparison of theFOV with the sample size gives a relation
between console parameters and gradient strength by means of Eq.2.52and Eq.2.54

modified as

Gread =
SW

γFOVread
and Gphase=

SI/2
2τγFOVphase

(3.1)

whereτ is the time during which the phase gradient is applied,SI the number of
acquired points andSW is the spectral width, equal to 1/DW, whereDW is the time

between 2 acquisition points.
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Figure 3.5: Valve used to block the way of the gas. Left: closed valve, theway
of the gas for going from conduit A to conduit B is blocked by a piston, which
is pushed by pressing air from left and releasing to the top. Right, opened valve:
the conduits A and B are connected because the piston has beenpulled pressing
air from the top and releasing to the left.

3.3 Gas Mixer

3.3.1 Pneumatic Pistons and Magnetic Valves

A set of pneumatic pistons and magnetic valves were combinedto even operate in the
strong magnetic field of the superconducting NMR-magnet. Therefore, commercially

available piston valves (Festo) had to be modified and tested. Firstly all magnetic
parts were replaced in the piston valves by non magnetic ones, so that they could be
mounted close to the NMR coil. The air flow which closes and opens the piston (see

Fig.3.5) was controlled by a second set of magnetic valves outside the strong field of
the superconducting magnet.

These magnetic valves are controlled by switching 24V which can be controlled
manually or automated via the spectrometer. In this way valve operations can be

included in the NMR pulse-programs, which made the measurements very fast, safe
and reliable.

3.3.2 Automatized Gas Mixer

In order to prepare gas mixtures in a controlled way a dedicated setup for the gas

handling had to be designed which is schematically presented in Fig.3.6 [Acos06]
[Zaen07]. A sample tube of volumeV filled with laser polarized (LP) gas was con-

nected to the gas handling system, which is already positioned inside the NMR mag-
net. For3He measurements the sample tube was pre-evacuated and filleddirectly from

1Except images of Fig.6.15
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the transport cell. Xenon filled bottles were pre-evacuatedafter a 10minaccumulation
of solid hyperpolarized xenon and then connected to the gas handling system; the bot-

tle was left to reach ambient temperature for a period of approximately 15min under
the presence of air flow.

Figure 3.6: Sketch representing the pneumatic valve configuration usedfor
preparing the different gas mixtures. A, B and C are pneumatic valves that can
be controlled from the spectrometer console or manually. See text for details of
their operation.

In order to minimize the length of the connection lines the pneumatic valves are

located in the bore of the magnet in direct vicinity to the sample tube inside the r.f
coil. To complete the setup a non magnetic pressure sensor (Sensortechnics GmbH,

Puchheim Germany, PCB Series) was used to monitor the whole procedure. This
sensor was also placed in the bore of the magnet and has an accuracy of 1mbar.

Valves B and C are opened in order to evacuate the transmission line to values

in the order of 10−6bar. Once B and C are closed, the sample tube is opened to let
the LP-gas expand into the transmission line. Valve B is thenopened during a time

tB to release the exceeding pressure to a large soft bag inside abox (see Fig.3.7) at
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Figure 3.7: Box to controll the pressure inside the sample during the measure-
ment, depicted in Fig.3.6. The soft bag is introduced in the box and connected
to the gas handling system. The blue tube on the top of the box is connected to
a N2 gas source with regulable pressure when pressures> 1bar are needed. For
pressures below 1bar was attached a vacuum pump, with a pressure controll,
was attached.

chosen pressure between 0.1 and 2bar, thus establishing the pressure,pA, of LP-gas
in the sample tube. Usually, the ambient pressure is used as areference pressure for

the experiments. Closing B and opening C for a period oftC permits the evacuation
of the soft bag. The buffer gas is then pressed into the sampleinside the r.f. coil by

opening valve A for a short period of time,tA. Prior to the equilibration withpA an
experimentally determined waiting time of ca. 6s is introduced to assure equilibrium

in the gas mixture. At this point it is worth to note that mixing of gases is not due
to diffusion processes as this would involve very long waiting times. The pressure of

the buffer gas reservoir was typically set to 3 timespA, in this way a turbulent inflow
is generated which produces a complete mixture of both gases. The stabilization of
the pressure sensor oscillated in 3–4s, and the diffusion coefficient was measured

repeatedly for a single inflow with a waiting time up to 10minwith no apparent change
within the experimental error.

3.4 Resolution Phantoms

In order to study the diffusion of a gas in different restrictions cavity shapes and sizes,

two phantoms were built.
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Figure 3.8: Set of cylinders of parallel capillaries whose long axis is set parallel
to theB0 direction (z). The cavity diameter sizes are depicted in the image in
mm. The diameter of the capillaries are(0.5,0.75,1.4,2.4,3.2)mm.

One phantom consists of a distribution of long capillaries,see Fig.3.8. Single

capillaries of diameter(0.5,0.75,1.4,2.4,3.2)mmwere placed well apart in order to
assure defined spatial resolution, while a group of capillaries with diameter 0.75mm

are grouped for purposes not relevant for this work. All capillaries were sealed in one
end and placed inside a rubber tube of 6.4mmradius. The space between the external
part of the capillaries and the rubber tube was filled with epoxy and left to dry. After

the rubber tube is removed, the set of capillaries was cut to alength of 40mmand
placed inside a glass tube of 6.5mmradius and 150mmlength.

This phantom, however, offers different restrictions regimes inside the same cav-
ity. For a more ideal case, linear restrictions were needed.This was achieved with

the phantom of Fig.3.9. This phantom consist of a set of parallel glass walls separated
by distances of(0.5,0.75,1,2,3,4)mm. The construction procedure was similar to the
previous phantom.

In both cases, the connexion between phantom and gas handling system was done
with a tube as small as experimental safely possible to avoidthe gas diffusing between

the phantom and the gas handling system. Especially care wasput in the construction
to avoid the glue, which stick the glass parts inside the phantoms (cylinders or glass

walls), to be in contact with the LP-gases.



Figure 3.9: Sketch of the phantom, it consists of a set of parallel glass walls
perpendicular to theB0 direction (z). The distances separating the walls are
(0.5, 0.75, 1, 2, 3, 4)mm. The thick of the separators are 1mm. Distances in the
sketch are given inmm.
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Gas selfdiffusion measurements by
NMR

Since Hahn published “Spin Echoes” [Hahn50], the influence of field inhomo-
geneities on the damping of nuclear spin echoes was known, which arises not only
from relaxation effects but also from molecular displacements. 15 years later, Stejskal

and Tanner [Stej65] developed an improved method to measure the Brownian motion
by NMR. However, this motion is not necessarily related to the molecular motion, but

to the spin of this molecule.

The new development of laser polarized methods has achievedpolarizations close

to the unity, 64% for129Xe [Ruse06] and 91% for3He [Wolf04]. These high polar-
ization open the possibility to study new physical phenomena of laser polarized gases,
e.g. dipolar coupling in3He gas at room temperature [Zaen07]. The hydrodynamic

equations of a diluted spin polarized gas predict unusual effects like coupling between
diffusion and heat conduction. As described in [Lhui82b] “ it may be hoped that these

effects will be observed, either in3He or in 1H” . This, in principle, can be used to
obtain information on thermal process from NMR measurements .

Therefore, in this chapter a detailed study of the gas diffusion coefficient,D, will
be carried out in3He and129Xe. The classical theory will be presented following the
ideal gas concept. SinceD is measured by NMR methods, an explanation will follow

with special interest in the magnetic properties and possible influence on the diffusion
in hyperpolarized gases. This is important because in the following chaptersD will be

measured at different polarizations and in different gas mixtures.
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4.1 Theory of gas self-diffusion coefficient

The diffusion coefficient,D, is a transport parameter already introduced in section2.6
when the diffusion principles were presented as a probability distribution of particles

in space. In this chapter a detailed theoretical description will be summarized in order
to predictD. For that purpose, a particle spreading have to be considered to start off;
it will cover a distance in a given time with a chaotic direction and path probability

described in Eq.2.60. Thus, the diffusing particle will cover a closed surface ofpossi-
ble positions after a time. The diffusion coefficient will have the dimension of square

meter per second.
In order to describe it in a mathematical way the first important point is the ve-

locity propagation of particles in a gas. For that description the simplest theory is the
so-called kinetic theory of gases, which assumes three basic points [Atk84]:

• The gas consists of particles of equal mass in ceaseless Brownian motion.

• The size of the particle is negligible, in the sense that their diameters are much

smaller than the average distance traveled between collisions.

• The particles do not interact, except when they are in contact undergoing perfect

elastic collisions.

Following this points, it can be concluded that the velocityof a gas component,

whether an atom or a molecule, will span a wide range and the collisions continually
redistribute the velocities among the particles. The fraction of particles with velocities

betweenv andv+dv is given by f (v)dv where

f (|v|) = 4π
(

M
2πRT

)3/2

v2e−
M

2RTv2
(4.1)

andR is the gas constant,T the absolute temperature andM the molecular mass of

the particle. Equation4.1 is the Maxwell-Boltzmann velocity distribution and is rep-
resented in Fig.4.1 for Xe and He gases at standard conditions.

As it was mentioned, this speed distribution is given by collisions among the
particles. The collision will be defined as if the particles were rigid spheres, i.e. there

will be a collision whenever two particles are closer than their diameterd. The number
of collisions made by one particle in a volumeV with N particles divided by unit time

will be given by the expression

w = σvrc (4.2)
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Figure 4.1: Speeds distribution of Maxwell-Boltzmann for3He and129Xe at
standard conditions (T = 25◦C andp = 1bar).

wherec is the concentrationN/V, σ is the collision cross section of the particles as

described in [Atk84] andvr is related to the averaged velocity of the ensemble ¯v as

vr =
√

2v̄ =

√

16RT
πM

. (4.3)

For instance, one3He atom at 1bar and 300K will collide approximatelyw ≈
2 ·107 times during one second considering the atom as a rigid sphere.

Once the velocity is known, the pathλ traveled by the particle between collisions

will be given by the following equation

λ =
v̄
w

=
kBT√
2σp

(4.4)

where the concentrationc is substituted in the law for ideal gasespV = NkBT with a
pressurep.

In the case of one dimensional diffusion –lets sayx-direction– a particle from

a point with concentrationc(0) will cover on average a distanceλ without colliding
with other particles and will arrive at a point with concentrationc(λ), which can be

described by a Taylor expansion of first order as
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c(λ) ≈ c(0)+λ
(

dc
dx

)

0
. (4.5)

In the case of a particle diffusion in the contrary direction, the concentration in−λ
will be given by

c(−λ) ≈ c(0)−λ
(

dc
dx

)

0
. (4.6)

Consider now a plane perpendicular to thex-axis atx = λ that is passed by a

number ofÑ diffusing particles. The number of crossing particles willbe proportional
to the concentrationc, to the surface areaA of the plane, to the time∆t that the particles

take to achieve the plane and to the velocity component in thex-directionvx. However,
to take the presence of a range of velocities in the sample into account, the result has
to be summed over all possible ranges ofvx weighted by the probability distribution

of velocities as Eq.4.1for thex-direction

f (vx) =

√

M
2πRT

e−
M

2RTv2
x (4.7)

giving a total number of particles crossing the plane [Atk84]

Ñ(λ) = cA∆t

∞
∫

0

vx f (vx)dx=
1
4

A∆tc(λ)v̄. (4.8)

The flow of particles crossing the plane, i.e. the number of particles which cross

the plane per unit area per unit time, will be given by

J+ =
Ñ(λ)

A∆t
=

1
4

c(λ)v̄ (4.9)

in the case of the particles that diffuse in the positive direction of x. In the case of
those particles diffusing in the negative direction ofx, the flow will be

J− =
Ñ(−λ)

A∆t
= −1

4
c(−λ)v̄ (4.10)

and the net flowJ will be the difference between the particles flowing to the positive

direction and those flowing to the negative direction

J = J+−J− =
1
2

λv̄

(

dc
dx

)

0
(4.11)

If an extrapolation to a 3-dimensional spread of particles is done and we compare
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it with Eq.2.55, then we obtain a description ofD as follows

D =
1
3

λv̄ =
1
3

kBT
σp

√

4RT
πM

(4.12)

where the factor 2/3 is due to the fact that a diffusing particle still has a possibility of
collision before or after traveling a distanceλ [Atk84].

Although with only three assumptions a good determination of D has been de-
rived, the kinetic theory of gases is still a rough approximation to the diffusion coeffi-

cient. A more complete theory has to take into account more detailed collisions terms.
This task was done by Chapman [Cha70] and Enskog [Ens22], known as Chapman-
Enskog theory. Several books deal with the subject [Cus03] [Tab91], but the most

cited and complete is the one of Hirschfelderet al. [Hirs65].

An approximation to a more realistic collisions parameter will introduce more

terms instead ofσ in Eq.4.12. Following the description ofD done by Hirschfelderet

al. 1

[D]1 = 2.628·10−7

√

T3/M

pσ2Ω(1,1)∗(T∗)
(4.13)

given inm2/swhereP is the pressure inatm, T in Kelvin and the collision parameterσ
is completed withΩ(1,1)∗(T∗), which is a collision integral and depends onT∗ = kT/ε,
whereε is a parameter of the potential function that depends on the particle, as well

as σ given in angstroms (1 Å = 10−10m). The subscript 1 in Eq.4.13 denotes the
first approximation of the Champan-Enskog theory. Other approximations, like for

example the influence of gas concentration and restriction,will be treated in the next
chapter.

D 3He 129Xe
Eq.4.13 1.837·10−4m2/s 5.523·10−6m2/s
NMR 1.8 ·10−4m2/s 5.7 ·10−6m2/s

Table 4.1: Theoretical and NMR measured self diffusion coefficient for3He
and129Xe at the pressure of 1 bar and temperature of 21◦C. The experimental
values are from Tab.5.2and Tab.5.1and experimental errors are less than 5%.

1see page 539 on [Hirs65]
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4.1.1 Polarization influence on spin diffusion

The theory described is related to the movement of completely identical particles,
where collisions were not affected by magnetic properties.As already explained in

section2.6, the parameter that describes the diffusion coefficient in NMR is the signal
decay due to the influence of magnetic field gradients that dephase the coherence of

the spins. Thus, the information of the diffusion is deducedfrom spin movement when
it dephases; a process that not necessarily has to happen dueto the movement of the

particle, it can also happen when the spin state is transfered from one atom to other.
This is important since other interactions could influence the measurement of the dif-

fusion coefficient. This could suggest the idea that there can be a difference between
particle and spin diffusion, i.e. the particles could not tobe considered identical any
more since magnetic properties make a distinction. As we cansee, in order to measure

D in a rigorous way, spin diffusion effects should be excluded.

In section3.1, it was already mentioned that the polarization achieved in3He

can be close to 90% and polarization of129Xe is getting close to this level [Ruse06]
[Ruth99], even though in this work only a polarization up to 8% has been used, which

is enough for the purpose of the work. These two gases have extended use in NMR
due to their high polarization level and hence to the high signal to noise ratio achieved.

The capacity of a gas to fill the entire container makes them a perfect tool in NMR to
obtain images [Rizi05] and other information –by means of diffusion measurements

for example– of porous material cavities [Tast05] and especially the lung [Eber96]
[Conr06]. Due to the porosity, the gas is in contact with a big surface, and thenT1 and
T2 times are affected as explained in section2.3. TheT1 decay, in the case of laser

polarized gases, leads to a drawback because of the loss of polarization. Therefore,
during an NMR experiment the polarization changes and consequently all factors that

are influenced by diffusion can be affected.

In order to study spin diffusion, a method to include the indistinguishability of the

nuclei when a collision occurs has to be adopted. The atoms that collide will have an
“average” cross section of two; one with the scattering amplitude for distinguishable

particles [Lhui82a]:

| f (θ)|2 , (4.14)

and one with the scattering amplitude for identical particles:

1
2
| f (θ)− f (π−θ)|2 (4.15)

in the case of Fermions, with weights given by the probability of the nuclear spin to
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be in the same state, i.e. the polarization. Consequently, there will be a dependence
on the averaged nuclear polarization of the gas.

In fact, Emerly [Emer63] pointed out that there were discrepancies between NMR
measurement of diffusion coefficient and theoretical estimations. Other authors devel-
oped different aspects of this effect; the dependence on initial spin polarization and

flip angle [Legg68], the necessity of a drastically modification of the theory for low
temperatures and high magnetic field [Legg70], the logarithmic temperature depen-

dence ofD [Miya83], differences in the transverse and longitudinal spin diffusion
collision time in polarized Fermi gases [Jeon89] [Mull83]. Jeon at al. [Jeon86] show

a theoretical dependence of spin diffusion upon temperature for different polarization
2. It is observed that the spin diffusion dependence on polarization, decreases with
increasing temperature. A recommended review is the work ofLhuillier and Laloë

[Lhui82a] [Lhui82b].

Even though most of these citations deal with3He at low temperatures, the work of

Lhuillier and Laloë treat the effects of polarized gas in a more general way. Especially
in reference [Lhui82b] is described the problem of spin diffusion in polarized gases. In

order to study the evolution of an ensemble of spins in a gas, the Boltzmann transport
equation is considered. It describes the distribution of particles in a fluid in non-

equilibrium statistical mechanics by giving the time evolution function f (r ,p, t) of
the distribution (properly a density) in phase space. Herer andp are position and
momentum, respectively. A first approximation to the solution concludes that the spin

current terms are described by

J(Mx) = − D0

1+µ2P2 [∇Mx−µP∇My] (4.16)

J(My) = − D0

1+µ2P2 [∇My +µP∇Mx] (4.17)

J(Mz) = −D0∇Mz (4.18)

for the case of Fermions, withP as the polarization,µ as a coefficient of the collision
integrals andD0 as the classical diffusion coefficient, both defined in [Lhui82b]. It

is observed that for the case of low polarization, the spin and the particle or classical
diffusion coefficient takes the same value, as follows

2See Fig. 3 on [Jeon86].
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J(Mx) = −D0∇Mx (4.19)

J(My) = −D0∇My (4.20)

J(Mz) = −D0∇Mz (4.21)

In the general case, however , the authors claim that3 “ · · · there are in fact some

corrections to the value of the spin diffusion coefficient, which depend on quantum

exchange effects for indistinguishable particles. Physically, if these effects can not

changeJ(Mi), they can do it indirectly by modifying the velocity distribution of spin

up or down atoms separately, so that the subsequent collisions between atoms with

opposite spins can eventually be affected.”

A second approximation of the solution of the Boltzmann equation takes the cou-

pling with heat conduction into account, showing a dependence of the spin current on
the polarization. Due to the large polarization in the present work (Mz >> Mx,My)

only J(Mz) is considered [Lhui82b]

J(Mz) =
−D0

1− C1+C2P2

C3+C4P2

(

∇Mz+P(1−P2)α(P2)∇ log(T)
)

(4.22)

whereCi are linear combinations of integral collisions which depend on cross sections

as well asα(P2). As an homogeneous distribution of temperature through thesample
is assumed, the temperature gradient term can be neglected leading to

J(Mz) =
−D0∇Mz

1− C1+C2P2

C3+C4P2

. (4.23)

In the case of the present work, in the next chapter several measurements of dif-

fusion coefficient at different polarization level will be presented. In order to study
the influence of spin diffusion in such measurements, similar experimental conditions
have to be carried out in the current chapter.

4.2 DXe vs. Polarization

The first experiment presented is the measuredD of 129Xe at different polarization

levels. In order to obtain a detailed measurement ofD in the region of low polar-
ization, several measurements were done and added. Experimental parameters of the

3See page 228 on [Lhui82b].
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Figure 4.2: Xenon spectra during melting process. It begins in solid state with
a ppm of -300 and in a little bit more than 2 minutes the Xe within the coil is
converted in gas achieving 0 ppm.

polarization procedure are described in section2.7.1and3.1.1. The maximal polar-

ization achieved was around 8% .The polarized Xe was collected in a cold finger and
then introduced into the magnet until it reaches room temperature.

Solid Xe produces a signal located at -300 ppm and its change of phase can be
monitored as shown in Fig.4.2. In circa 2 minutes the solid Xe collected in the cold

finger is melted by an external continuous air flow at room temperature. Though Xe
is in gaseous state, it has not yet thermally equilibrated toroom temperature. The
strong dependence ofD on the temperature gives the possibility of monitoring sam-

ple temperature changes and to observe when the sample has equilibrated to room
temperature. As shown in Fig.4.3, the D (measured at 0 ppm) decreases while Xe

melts due to the increase of Xe in gaseous state, i.e. due to the increase of pressure.
After 5 minutes, although Xe has completely melted, it has not reached the room tem-

perature andD continues increasing until the temperature in the sample reaches the
ambient one. After 15 minutes the sample is thermally equilibrated to room temper-
ature; changes ofD are within the error estimation and the sample can be considered

in thermal equilibrium. Finally the gas is released to 1bar in order to measureD at a
reference pressure.

After room temperature has been reached, the experiment begins measuringD at
different polarization levels. Change of polarization wasleft to spin-lattice relaxation

with T1 as characteristic time (see Fig.4.4) and ,with less importance, to the demag-
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Figure 4.3: Change of the diffusion coefficient of Xe gas during melting.When
Xe melts, the pressure increases inside the sample within the first 3 minutes. Af-
ter that, the temperature increases, increasing slightly the diffusion coefficient.
After 15 minutes, the sample has equilibrated to room temperature within the
error.

netization due to the r.f. pulses of the diffusion coefficient sequence. Sample’s polar-
ization was determined comparing Boltzmann –or thermal– signal and laser polarized
signal. For the determination of the sample’s signal with Boltzmann spin distribution,

circa 3000 FID were acquired and averaged out to obtain a thermal signal, when the
laser polarized signal was completely used (after more than10 timesT1). The thermal

signal is then related to the polarization given by Eq.2.14. During the acquisition of
the thermal signal, Xe was mixed with air in order to reduceT1 and having more time

to acquire and add the signal.

The diffusion coefficient was measured stepping linearly 10times the gradient
strength of the sequence of Fig.2.12 b) and fitting the signal decay to the Stejkal-

Tanner equation (see Eq.2.65). A maximalb-value4 of 6500s/m2 was used to dephase
the spins and hence weight the signal by diffusion. TheD measurement was done each

200 s; this time was chosen because it corresponds to that necessary for a Xe atom to
diffuse a distance of the coil length, so the gas has time to distribute homogeneously

within the coil and avoid local magnetization gradients.

4b = γ2G2D[δ2(∆− δ/3)+ ε3/30− δε2/6] for parameters depicted in Fig.2.12
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Figure 4.4: Measurement of hyperpolarized129Xe magnetization decay timeT1

inside the magnet:T1 = 4710±70s.

Figure 4.5 presents the measurements ofD as a function of polarization. For

the present work, the values for the higher achievable polarization are most relevant,
where a constant value is measured. In the low polarization regime, between 0.5% and
2%, the measured data shows a decrease up to 2.3% from the expected value. A possi-

ble explanation of this apparent decay, is the day/night laboratory temperature change
what can influence the measurement. For example, a change of 2◦C in temperature

can lead for a change in the measuredD of ca. 1%. Another factor that can influ-
ence also is the gradient overheating. After severals experiments, the gradient coil

resistance can increase and reduce the gradient intensity,which produces a smaller
spin dephase and hence leads to a smallerD. For example, a change in the gradient

intensity of 1.5% produces a change inD of 3%. Even though, these points, shown
for completeness, are within the error estimation and agreewith the literature value
[Hirs65] shown in Tab.4.1.

4.3 MeasuredD of 3He vs. Polarization

The achievable polarization levels of3He gas are considerably larger than those of
129Xe gas. Two different measurements will be presented to measureD with different

depolarization methods. In the first one the depolarizationis left to the spin lattice
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Figure 4.5: Average measurements of the diffusion coefficient,D, of Xe at 1
bar versus different polarization levels. The averagedD errors were weighted by
its error at fitting with the Gaussian signal decay. The dotted line shows the ex-
perimental value from Tab.5.2. Empty circles were measured during overnight
experiments, which were prone to temperature changes and gradient overheat-
ing. Although these points are not significant because of thelarge experimental
errors, they are shown for the sake of completeness.

decay and done at 1 bar, as in the Xe case. In the second method,D is measured at
different collisions regimes. For that purpose measurements will be done at different
pressures and then normalized to 1 bar. The measurements at different pressures re-

quire a fast depolarization method –large r.f. pulses couldproduce radiation damping–
thus change of polarization will be achieved by admixture oflaser polarized3He with

thermal polarized3He.

4.3.1 DHe vs. Polarization at 1 bar

Unlike Xe, in the case ofD of 3He only 2 measurements were sufficient to obtain a
reasonable good value for the low polarization zone; due to the largerγ, achievable

polarization and abundance of the detected isotope. The sequence and sample were
similar to those used for Xe. The3He was hyperpolarized at the institute of physics

at the Mainz university [Heil96] [Schm04], by the method described in section2.7.2
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Figure 4.6: Average measurements of the diffusion coefficient,D, of He at 1
bar versus different polarization levels. The averagedD errors were weighted by
its error at fitting with the Gaussian signal decay. The dotted line shows the ex-
perimental value from Tab.5.1. Empty circles were measured during overnight
experiments, which were prone to temperature changes and gradient overheat-
ing. Although these points are not significant because of thelarge experimental
errors, they are shown for the sake of completeness. The red point is the mea-
surement at thermal polarization as explained in section4.3.3.

and3.1.2.

TheD was measured by stepping a bipolar gradient (see Fig.2.12b)) with a max-
imal b-value of 500 s/m2. However, in this case the polarization was measured by the

institute of physics as described in [Heil97] [Schm04], and corrected by theT1 decay
influence due to the cell transport and storage (see section3.1.2). A polarization higher
than 50% was achieved in the polarizator. Polarization change during theD measure-

ments was left to the spin-lattice relaxation and, to a smallextent, to r.f. pulses of the
sequence.

The D for different polarization levels for standard conditionsof pressure and
temperature is shown in Fig.4.6. As in the case of Xe, a strong deviation of the mea-

suredD from the literature value [Hirs65] (see Tab.4.1) was not observed. Only the
points with less than 7% of polarization present a slight dispersion but well within the

error estimation. This deviation could be originated due tothe same factors explained
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in the Xe case.

4.3.2 DHe vs. Polarization vs. Pressure

An important factor in the experimental determination ofD is the pressure of the
sample, as already explained for the behaviour of the diffusion coefficient in Fig.4.3.

From Eq.4.12the following equation can be obtained:

p ·D =
1
3

kBT
σ

√

4RT
πM

, (4.24)

which will be used to normalizeD to 1bar when measurements at different pressures
are carried out.

As it is known from the classical theory of gases, the pressure indicates the mo-
mentum interchange between components of a gas and the wallsof its container and,

as explained in Eq.4.4, the pressure is also proportional to the number of collisions
made by one particle,w (see Eq.4.2). The aim of the pressure change is to create a
scenario with different collision rates, and therefore different probabilities of inter-

actions between spins. Another parameter that could be changed is the temperature,
however, from the experimental point of view this is more complicated due to possi-

ble temperature gradients within the sample. This problem is avoided in the case of
pressure changes.

The diffusion coefficient measurement at different pressures were conduced by
means of the pressure box presented in section3.3.2. Inside this box is an elastic bag,

which is connected to the sample, so that this bag equilibrates to the pressure inside the
box. The pressure of the box was varied between 0.1bar to 1bar, in increments of ca.

0.1bar; this corresponds to a number of collisionsw(1bar)≈ 104 to w(0.1bar)≈ 103

at room temperature in a typical sequence time of 1000µs (see Eq.4.2). For a short

time, 3He–3He molecules can be formed by dipolar couplings, which can lead to a
spin state information loss and hence to a spin exchange [Wolf04]. The probability of
this exchange is ca. 10−7 per time unit by averaging over the sum of the collisions

frequencies [Torr63] [Mull90] at ambient pressure.

Only four representatives experiments, from 10, are presented for clarity in
Fig.4.7. All others experiments show the same behaviour. In this figureD · p is plotted
versus the polarization for different pressures and, for a better comparison, the diffu-

sion coefficient is normalized to 1bar. TheD measurement procedure was the same
as in the previous section. Nevertheless, in order to adjustthe b-value toD, which

changes inversely with the pressure, values from 1524s/m2 at 1bar to 747s/m2 at
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0.1bar were taken changing the gradient intensity. A factor that increases the error is
the smaller quantity of3He at decreased pressures resulting in weaker NMR signals.

Again, the polarization was determined at the institute of physics at the Mainz univer-
sity, as in section4.3.1. The initial polarization was 67%±5% in a cell with aT1 of
91 hours. All measurements were done in less than 5 hours, which corresponds to a

polarization difference of ca. 5% between first and last measurement, i.e. 1bar and
0.1bar respectively.
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Figure 4.7: Diffusion coefficient measurements of3He at different pressures
versus different polarization degrees. Measurements werenormalized to 1bar.
Diffusion errors were weighted by its normalization factorand polarization error
was 5%.

Unlike the first two measurements presented in this chapter (D of Xe and He at 1
bar), here the depolarization process of the spins is not only obtained by spin-lattice
relaxation. For this experiment, the gas mixer of section3.3was used with thermally

polarized3He at 3.1bar as a buffer gas. This allow faster experimental times, avoiding
gradient overheating and permitting a better temperature stability, which are sources

for experimental errors in longer experiments.

In Fig.4.7it can be observed that for high polarization the correctedD is the same

for all pressures and coincides with the values of Tab.4.1. For lower polarization levels
a dispersion of the values is observed. Unlike in Fig.4.6and Fig.4.5there is no a clear

increase or decrease of the values, which arises from the faster depolarization method.
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Like in the last two cases, however, these deviations still lie inside the experimental
error. Even with a difference of an order of magnitude in the number of collisions

experienced by one particle,w, no deviation outside the error bars is observed.

4.3.3 DHe at thermal polarization at 1 bar

The last measurement presented in this chapter is theD of thermally polarized3He
at 1bar. In the case of pure3He, which magnetogyric ratio is close to that of protons,

an NMR signal can be obtained even though the density of a gas is around thousand
times smaller than in a liquid, but, of course, the signal to noise ratio is rather low.

The thermal polarization of3He in a magnet of 4.7T will be of the order of water –ca.
20 per million– as described by Eq.2.15.
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Figure 4.8: Recovery of3He normalized thermal signal versus time to measure
T1.

The sample forD measurements with hyperpolarized gas is optimized to have a
long T1 to store the large polarization of the gas5. This is a severe drawback in the
case on thermal measurements. The poor signal to noise rationeeds several scans

to add a suitable signal particularly when gradients are applied for diffusion coeffi-
cient measurements. A complete recovery, typically 5T1, of the magnetization after a

5The glass cell with the shortestT1 was chosen to measure theD at thermal polarization, which is
not the same cell used in the previous experiments.
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π/2 pulse is necessary. A recovery measurement of the signal was done as shown in
Fig.4.8. The sequence for signal recovery of thermally polarized3He was as follows:

π/2−Acq− τ. The sequence was repeated with increasingτ. It was observed that
after 1500s the signal was completely recovered.
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Figure 4.9: Diffusion coefficient of3He at 1bar with thermal signal. Each
point is an average over 31 measurements with a repeat time of1500s. The fitted
diffusion coefficient (red line) was(1.95±0.15)10−4m2/s for a temperature of
(20±2)◦C. The polarization was ca. 2·10−6 , given by a polarization field of
4.72T .

With this data, the diffusion coefficient sequence was acquired 31 times. Ab-

value of 6095s/m2 was used with the sequence described in Fig.2.12 b), a maxi-
mum gradient strength of 0.0286T/m that was rased 10 times. TheD was fitted at

(1.95±0.15)10−4m2/s, value that agrees with Tab.4.1and is shown in Fig.4.6where
is represented in red. ThisD could be easily plotted very close to the zero polariza-
tion without being incongruous with the other points of Fig.4.7. Because of the long

time measurement, pressure and temperature oscillations and gradient overheating in-
creased the error estimation. Even so, the measured diffusion coefficient error is less

than 8%.
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4.4 Conclusions

The kinetic theory of gases, based on three simple assumptions, already develops a

very accurate prediction of the diffusion coefficientD. A more realistic theory has
to take into account different factors involved in the collision of particles since the
kinetic theory of gases only considers them as composed by rigid spheres. Adding this

factors, Chapman [Cha70] and Enskog [Ens22] developed a more exact description of
D in gases resulting in Eq.4.13.

Since the technique used in this work to measureD is NMR (described in section

2.6.3) magnetic properties which can influence this kind of measurement, will have to
be considered. Emerly [Emer63] observed that the diffusion coefficient given by the

Champman-Enskog theory was systematically smaller than experimental values given
by NMR methods. After this, several discrepancies between spin diffusion and parti-

cle diffusion were investigated. In a complete review, Lhuillier and Laloë [Lhui82b]
describe the importance of the polarization for spin diffusion by means of Eq.4.23,
showing a dependence of the spin current on the polarization.

The large polarization achieved actually in3He and129Xe in a gaseous state at
room temperature, makes a rigorous measurement ofD versus polarization necessary.
Moreover, since gases have aD four orders of magnitude higher than liquids, influence

of spin diffusion in clinical gas MRI has special importancebecause the polarization
changes during the MRI sequence –besides influences explained in section2.3. In

vitro samples, like those used in this chapter, allow for a more accurate measurement
of D compared with clinical studies, which makes these measurement more sensible to

polarization effects. Measurements were done at 1bar (or normalized to this pressure)
in order to make them comparable to clinical conditions, though temperature was 15

degrees less than body temperature. Only pure gas was investigated, nevertheless, it is
believed that if no effects are observed under such experimental conditions, they can
hardly be expected in clinical experiments. As far as we know, no one has reported

such measurements to investigate the influence of polarization on diffusion of gases in
clinical conditions, neitherin vitro nor in vivo.

Diffusion measurements of129Xe and3He at different polarization have been done

and presented in Fig.4.5and Fig.4.6respectively. Polarization decay was produced by
spin-lattice interaction, and with less influence to sequence r.f. pulses. In both gases,

D agrees with theoretical values for high polarization values.

As pressure is proportional to the number of particle collisions, different pressures
correspond to different collision rates and therefore different spin transition probabili-

ties. The diffusion coefficient of3He was measured at different pressures and normal-
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ized to 1bar (see Fig.4.7). For the depolarization, however, a mixture with thermal
polarized3He gas was used. The result was the same as in the two previous experi-

ments.
A difference between spin diffusion and particle diffusionwas not observed under

our experimental conditions. Since3He is more frequently used in MRI, this gas

received more attention with a deeper research. The experiments donein vitro, which
are more sensitive than an usual clinical MRI, do not show anydivergence inD, so

it can be conclude that spin diffusion, if it occurs under clinical conditions, has no
observable effect in the particle diffusion measurements by NMR. The experiments at

different pressures, after normalization, show also no deviation, what means that under
more restricted movement conditions –such as capillaries,alveoli or buffer gas: as in

experiments of chapter5 and chapter6– no spin diffusion effects can be expected.
The method used to depolarize3He by means of admixture with thermally polar-

ized3He by means of gas admixture is reliable under different pressures and polariza-

tions. These measurements verify the stability of the gas mixing system used in the
next chapter.





Chapter 5

Gas admixture

From the very beginning of the application of laser-polarized (LP) noble gases to
magnetic resonance imaging (MRI), diffusion measurementswere envisioned as a tool

for studying the microscopic structure of respiratory organs. Diffusion coefficients of
gases at standard temperature and pressures are of the orderof 10−4 to 10−5m2/s,
which are 4–5 orders of magnitude greater than in liquids. Although the distance dif-

fused during a typical time interval of 1ms for the application of a gradient pulse is
approximately 600mmfor 3He gas, the diffused distance will be reduced by the restric-

tions imposed by the dimension of the volume. The second condition that influences
the diffusion coefficient of a LP gas is its interaction with other gases present in the

imaged volume: N2 and O2 in biomedical applications. In this chapter the possibil-
ity of generating a highly controlled binary gas mixture at 1bar overall pressure is
explored, which is a necessary condition for clinical imaging.

A detailed description of the theory of the precise determination of the molar
fraction of3He and129Xe in admixture with different buffer gases is presented. The

resulting protocol is applied for the measurement of the diffusion coefficient as a func-
tion of the molar fraction for three very different buffer gases, namely4He, N2 and
SF6. The admixture of LP3He to these gases is very relevant;4He and SF6 are very

light and very dense gases, respectively. It has been shown that they can be used to
provide opposite contrasts in MRI [Acos06b], while N2 is present in most biological

studies and, since it has a similar molecular mass as oxygen,is a good approximation
to a3He mixture with air, ideal for lung research. The inverse situation of a dense LP

gas such as129Xe upon a mixture with these gases was also studied.

Simulations were performed of direct atomistic molecular dynamics on the bi-
nary gas mixtures in order to obtain a realistic theoreticaldescription of the diffusion

properties of this system at the actual temperature and pressure in the corresponding

67
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experiments. Using interaction potentials of Lennard-Jones type, the molecular dy-
namics simulations incorporate the mass and size of the individual particles as well as

their mutual attraction and repulsion due to the interactions of the electronic clouds of
the atoms.

5.1 Theory of gas admixture diffusion coefficient

The diffusion coefficient,D, seen until now is the one related to one particle diffusing

without restrictions in an atmosphere of more identical particles. In this chapter, bi-
nary mixtures of gases will be used and hence another diffusion coefficient has to be

considered. This corresponds to the NMR sensitive isotope;one gas mixture compo-
nent and not to the gas as a whole. The more important characteristic is whether the

gas component of interest is restricted via heavier buffer gases (BG) or its movement
is less restricted via lighter BG.

As a start,D of the gas as a whole, the so-called binary diffusion coefficientD1,2,
will be considered. From the known Chapman-Esnkog theory ofthe previous chapter,

Hirschfelder at al.[Hirs65] continued developingD. The authors present in this book
a first approximation to the binary diffusion coefficient as follows:

[D1,2]1 = 2.628·10−7

√

T3µ

pσ2
1,2Ω(1,1)∗

1,2 (T∗
1,2)

(5.1)

given in m2/s with p in bar, T in kelvin, µ = m1+m2
2m1m2

is the reduced mass and

Ω(1,1)∗
1,2 (T∗

1,2) is a collision integral term that depends onT∗
1,2, which is the reduced

temperature equal tokBT/ε1,2, beingε1,2 =
√

ε1ε2 a collision characteristic term, and

the collision parameter as

σ1,2 = (σ1+σ2)/2 (5.2)

with collision diameter in angstroms (1 Å = 10−10m). Subindex 1 and 2 makes refer-
ence to spice-1 and to spice-2 respectively1.

Following this equation, the value of[DXe,He]1 for a Xenon-Helium gas mixture at
294.15K and 1bar is 6.1437·10−5m2/s , which is a value in between those presented

in Tab.4.1. However, different concentrations, can alter the movement of the particles
and hence the diffusion, a fact that is not explicity considered in Eq.5.1.

1See page 539 on [Hirs65]
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5.1.1 Concentration dependence of diffusion coefficient

Gas mixture concentration is taken into account in higher approximations of the
Chapman-Enskog theory (approximations done by Kihara [Kiha53] lead to a similar

result) applied to Eq.5.1as follows for thekth-approximation

[D1,2]k = [D1,2]1 f (k)
D . (5.3)

In a second approximation, the functionf (2)
D depends on molecular weights, mole

fractions, temperature and viscosities of the two components as follows:

f (2)
D =

1

1−W
(6C∗

1,2−5)2

60(Xλ+Yλ)

(5.4)

whereW, C∗
1,2, Xλ andYλ depend on concentration, molecular masses, integral col-

lisions and thermal conductivity2. The dependence of[D1,2]2 on the composition of

the mixture of gases is only slight sincef (2)
D differs only slightly from the unity. For

example, in a gas mixture of Xenon and Helium at 294.15K and 1bar, the deviation is
4% at the most of when the concentration of one gas component varies from 1 to 0.

The presented theory determines the diffusion coefficient of a binary gas mixture
as a bulk property, ignoring the fact that there are two very different gases in this

mixture, which move and hence diffuse individually. However, other methods like
NMR experiments or radio isotopes tracers observe only one isotope, which means

that when the diffusion is measured by these methods, only the motion of this very
isotope is measured. For example, in a Xe–He gas mixture, thelighter isotope (He)

will move faster than the average, a fact not included in the presented theory.

A semi-empirical equation was proposed by Wilke [Wilk50], which was found to
describe the observed effects very accurately. This equation describes the diffusion
coefficient of one species,i, in a mixture withL others ,

1−xi

Di
=

L

∑
j 6=i

x j

Di, j
(5.5)

with xi as a concentration of the spice-i in the gas mixture andDi, j the binary diffu-
sion coefficient of componenti with respect to the componentj in the mixture. For

the case of a mixture of two species of different gases, a further development of Eq.5.5
leads to the following semi-empirical approximation of theobserved diffusion coeffi-

cientD1(x) of one species of the gas mixture, as a function of its molar fraction,x ,

2See page 606 on [Hirs65]
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[Mair02]:

1
D1(x)

=
x

D1(1)
+

1−x
D1(0)

(5.6)

where the subscript 1 denotes the diffusion coefficient of the studied species, and not

of the bulk gas. When the molar fraction is 1,D1(1) is the self diffusion coefficient
of the detected isotope and when the molar fraction is 0,D1(0) denotes the diffusion

coefficient of the detected isotope in an infinite dilution inthe buffer gas.

5.2 Concentration measurement

Originally it was intended to use independent analytical techniques (e.g. mass spec-

troscopy, gravimetry or partial pressures) to determine the gas concentrations, but
quantification even within a few percent was not possible with the available equip-

ment. In the course of the experiments it turned out that NMR was the most precise
way to determine the concentrations.

As explained in section3.3, the mixture process begins with a sample tube filled

with laser polarized (LP) gas, which is placed in the NMR coilwhile being connected
to the gas handling system. A sequence –e.g the one depicted in Fig.2.12b)– is run
and a a reference signal is obtained for the initial concentration of the LP-gas. After

mixture and release to the initial pressure another sequence is run. Taking into account
possible signal losses due toT1 effects and other experimental influences, the differ-

ence between signals of both sequences indicate the loss of LP-gas due to admixture.

5.2.1 Concentration and gas admixture

The molar fraction established by the procedure described above can be calculated

as follows. The procedure starts withn moles present in the volumeV of the sample
tube at a pressurep and ambient temperatureT. All measurements of the diffusion

coefficient are done under the same conditions of pressure, temperature and volume,
so thatn= pV/RT= constant. Whenm1 moles of buffer gas are pressed in the volume

V, the LP-gas is diluted by a factorx1, which is the molar fraction of the first mixture

x1 =
n

n+m1
. (5.7)

The pressure is then released top. However, this leaves the molar fraction un-
changed, so that the remaining number of LP-gas moles in volume V follows the

relationn1 = x1n, which can be rewritten as
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n1 =
n2

n+m1
. (5.8)

With the same reasoning the molar fraction of buffer gas doesnot change when

the pressure is released top, so that the number of moles,m′
1, of buffer gas remaining

in V are given by

xBG =
m′

1

n
=

m1

n+m1
⇒ m′

1 =
nm1

n+m1
. (5.9)

Repeating the procedure, that is, pressingm2 moles of buffer gas in the sample,

the LP-gas molar fraction will be

x2 =
n1

n1+m′
1+m2

=

n2

n+m1

n2

n+m1
+ nm1

n+m1
+m2

, (5.10)

which can be understood as

x2 =
n

n+m1

n
n+m2

= x1
n

n+m2
. (5.11)

For thekth experiment this can be generalized as

xk =
k

∏
i=1

n
n+mi

. (5.12)

5.2.2 Relation between signal and concentration

The determination of the molar fractions will be carried outthrough inspection of

the signal intensity of the first signal acquired in each measurement before runnig
the sequence to determined the diffusion coefficient. The initial magnetization isM0.
After the sequence run (diffusion measurement in this case)the signal will be reduced

due to the application ofN r.f. pulses,

M∗
1 = cosN−1 αM0 (5.13)

where the supraindex∗ denotes the magnetization before mixture andα is the r.f. tip
angle, which is typically small (2 to 5 degrees) when used hyperpolarized samples
[Haas86]. Relaxation due to the gas collision with walls of the sample will be ignored

as the total duration of the experiment is only around 1 minute, while the typical
relaxation timeT1 of the used samples is measured to be around 50 times larger. After

buffer gas is pressed into the sample and the exceeding pressure is released top, the
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magnetization will become

M1 = M∗
1

n
n+m1

= cosN−1 αM0x1. (5.14)

If this is repeated for a second time, the magnetization after releasing toP will

become

M2 = M∗
2

n
n+m2

= cosN−1 αM1
n

n+m2
= (cosN−1 α)2M0x2. (5.15)

This expression can be generalized for thekth experiment as

Mk = (cosN−1 α)kM0xk. (5.16)

The signal acquired will beSk ∝ Mk sinα, hence the following expression is used
to obtain the LP-gas molar fractions from the measurement ofthe initial signal,S0:

xk =
Sk

S0(cosN−1 α)k . (5.17)

5.2.3 Error estimation

Another aspect of the setup that can influence the molar fraction determination is a
small residual volume that lies between the volume of the sample contained inside the

r.f. coil and gas mixing valves . The polarization of the gas present in this volume will
not be affected by the r.f. pulses, hence leading to a systematic error in determination

of the molar fraction. This volume was minimized as far as possible and determined to
be 5% of the volume contained inside the r.f. coil. The pulse tip angle was determined
by running the whole sequence for measuringD(x) with pure LP-gas and setting the

factor cosN−1 α so that the molar fraction calculated was equal to unity. Theerror in
the tip angle was determined to be lower than∆α = 5%. However, this error propa-

gates during the course of the experiments (k mixtures excited byN r.f. pulses each).
Error propagation of Eq.5.17results in an error∆xk of the determined molar fraction

xk of the LP-gas as

∆xk

xk
= k(N−1) tanα∆α . (5.18)
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Figure 5.1: Simultaneous measurement of diffusion coefficient of129Xe and
3He in a mixture versus concentration of Xe. Laser polarized3He was used as a
buffer gas and mixed with LP-Xe.

5.3 Simultaneous measurement ofD in a Xe–He gas

admixture

In this section, the simultaneous measurement ofD of 129Xe andD of 3He will be
carried out in a mixture of Xe with3He as a buffer gas. After applying the same exper-

imental procedure of section4.2 in order to achieve a sample with LP-129Xe at room
temperature, the gas was transfered to a sample which fits in the coil length, and then

released to 1bar. Laser polarized3He was then introduced into the sample to dilute
the Xe by means of the gas handling system described in section 3.3. The process
was completely automated and synchronized with the NMR sequence to measure the

diffusion coefficient with the sequence of Fig.2.12b). In the case of Xe, the maximal
gradient strength was 0.215T/m, δ = 1050µsandε = 50µsas depicted in the Fig.2.12

b). In the case of3He, the maximal gradient strength was 0.0286T/m, δ = 850µsand
ε = 50µs.

After several experiences3He was chosen to be the buffer gas of the admixture and

Xe the suitable gas to take as signal reference to calculate the concentration because
the larger3He volume (ca. 1 L), which can be achieved with a pressure of almost 3

bar, produces a more stable admixture of this BG.
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Figure5.1 shows the simultaneous diffusion coefficient measurement of 129Xe
and3He. The upper points (in green) are theDHe and the line represents the fitting to

the semiempirical function of Wilke (Eq.5.6). The lower part (in red) shows the same
for DXe. The values displayed in both graphs,D1 andD0 represent the respective
fitted values and their fitting error. Along the concentration axis, the error is given

by Eq.5.18. The error inD is given by the linear fitting erros of the signal decay
under different gradient strength taking into account pressure imperfections during

the mixing procedure, which were determined to be less than 1%.

The higher the Xe concentration in the mixture the more the velocity of the3He

atoms is slowed down due to kinetic energy absorption by Xe atoms in collisions. On
the contrary, the velocity of the Xe atoms increases at higher 3He concentration –or a

smallerxXe.

5.4 DHe vs. xHe in 4He, SF6, N2 and Xe: experiments

and simulations

After observing the change of the3He diffusion coefficient by admixing Xe, a com-

plete assortment of buffer gases will be applied. From lighter ones like4He to heavy
ones like SF6.

5.4.1 Determination by NMR

The experimental procedure is the same as in the previous section, but only the3He

concentration is observed. In this case the maximumb-value corresponds to a dif-
fusion gradient strength of 0.06T/m and the gradient timings wereδ = 500µs and

ε = 50µsfollowing the representation in Fig.2.12b).

In Fig.5.2 the inverse ofDHe under different buffer gases can be observed. The

lightest one,4He, has almost no influence on the diffusion coefficient. On the other
extreme, SF6 produce a change of almost one order of magnitude in the extrapolation
xHe → 0. Values for such extrapolation are presented in the Tab.5.1 following the

linear regression of Eq.5.6. The standard deviation uncertainties resulting from the
statistical error in the regression analysis of the measured D are less than 5% for all

the measurements of the figure.
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Figure 5.2: Inverse of3He diffusion coefficient obtained by NMR measure-
ments as a function of the helium molar fraction,xHe, for binary mixtures corre-
sponding to four different buffer gases (4He, N2, Xe and SF6). The vertical error
bars are the errors of the fitted diffusion coefficients, while the horizontal errors
were estimated by Eq.5.18. The solid lines show the fits of Eq.5.6 to the data.
The binary diffusion coefficients are found by extrapolating the fit toxHe → 0.
The obtained results are summarized in Tab.5.1.

5.4.2 Molecular dynamics simulations

Classical molecular dynamics simulations, MD, under periodic boundary conditions
have been carried out using the Gromacs simulation package [Lind01] with the help

of Komin et al. [Acos06]. It was simulated3He upon a mixture with4He, N2 and
129Xe as buffer gases at molar fractions from 0 to 1 in steps of 0.1.

Atoms were modeled using pairwise 6–12 Lennard–Jones potentials:

V = 4ε
[

(σ
r

)12
−
(σ

r

)6
]

(5.19)

with r = |R1−R2|. N2 was represented as a united atom. In the case SF6, which has a
more complex internal structure, the untited atom model would represent a consider-
able simplification. The alternative, an all-atom calculation, would mean that all seven

atoms have to be described independently. This in turn wouldrequire a significantly
smaller time-step of the MD simulations due to the fast internal vibrational modes

of the molecule. The Lennard–Jones parametersε andσ were taken from reference
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Figure 5.3: Inverse of3He diffusion coefficient obtained by simulations as a
function of the helium molar fraction,xHe, for binary mixtures corresponding
to three different buffer gases (4He, N2 and Xe). Error bars were estimated by
comparing the diffusion coefficients obtained from the firstand the second half
of the simulation. The solid lines show the fits of Eq.5.6to the data. The binary
diffusion coefficients are found by extrapolating the fit toxHe→ 0. The obtained
results are summarized in Tab.5.1.

[Raid87]. Their values areε(Xe) = 231 K,σ(Xe) = 4.047 Å,ε(He) = 10.22 K,σ(He)
= 2.551 Å,ε(N2) = 71.4 K andσ(N2) = 3.798 Å. For interactions between particles of

different species, the combination formulae

εi, j =
√

εiε j and σi, j = (σi +σ j)/2 (5.20)

were used.

For the thermodynamic parameters of the binary gas mixtures, the equation of
state of an ideal gas was assumed. In order to match the experimental pressure and

temperature, simulation boxes of 205379nm3 = (59nm)3 containing 5000 particles
were used for the3He–4He and3He–129Xe mixtures. A check on the equivalent

systems with only 500 particles yielded only insignificant deviations from the cor-
responding 5000 particle runs. Hence, we used only 500 particles for the3He–N2

system. For the equilibration of our systems, the particleswere placed at random

positions in the box and brought to the desired temperature(T = 294K) by a canoni-
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cal3 (NVT) molecular dynamics run for 20ps. Subsequently, production runs of 10ns

length were performed in the NVE ensemble4 , with a time step of 2f s.

Diffusion coefficients were computed from the production runs by fitting the root

mean square displacement, averaged over all atoms of a givenspecies-i, to the elapsed
time, assuming the Einstein-Smolochowski relation

〈Ri(t)−Ri(0)〉2 = 6Dit (5.21)

Error bars were estimated by comparing the diffusion coefficients obtained from

the first and second half of the simulation. The simulations were performed on a
parallel 16-processor Beowulf cluster with 2.6 GHz Xeon processors and required
about 2000 CPU hours in total.

The simulated dependence of the binary diffusion coefficients in the3He–4He,
3He–N2 and 3He–129Xe mixtures onxHe is shown in Fig.5.3. The qualitative and
quantitative agreement with the values obtained from the NMR experiments shown in

Fig.5.2 is within the 5% error. In all cases, the shapeDHe(xHe) is correctly obtained
in the molecular dynamics simulations, even for the subtle3He–4He case. Although

there is still significant noise in the computed diffusion coefficients, the substantial
reduction due to the admixture of heavier and larger components is nicely reproduced,

hence supporting the experimental findings presented.

Table5.1 summarizes values for the binary diffusion coefficient fromEq.5.1 as
well as the3He free diffusion coefficient and extrapolation whenxHe→ 0 obtained by

NMR and by molecular dynamics simulations. Diffusion coefficient absolute values
agree well within the 5% error.

5.5 DXe vs. xXe in 3He and N2: experiments and simu-

lation

Unlike the case of3He, only two buffer gases had been mixed with Xe:3He and N2.
The mixture with3He had been already presented in section5.3. In Fig.5.4 this mea-

surement is compared with the simulation. The fitted values agrees very well, however

3NVT ensemble: the number of particles (N) and the volume (V) of the system are hold constant
during the simulation and a well defined temperature (T) is imposed by coupling the system to an
external heat bath. The system is allowed to exchange energywith the reservoir, and the heat capacity
of the reservoir is assumed to be so large as to maintain a fixedtemperature for the coupled system.

4NVE ensemble: the number of particles (N), the volume (V) andthe internal energy (E) are hold
constant during a MD simulation.
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D(0)3He/[·10−4m2/s] 3He 4He N2 Xe SF6
D1,2 Eq.5.1 1.84 1.72 0.77 0.615 0.418

NMR 1.8 1.7 0.77 0.7 0.48
Simulation 1.96 1.86 0.8 0.63 –

Table 5.1: 3He binary mixed diffusion coefficient comparison within an infinite
dilution of different buffer gases:4He, N2, Xe and SF6. The differentD(0)

are from top to bottom respectively: calculation of binary diffusion coefficient
D1,2 from Eq.5.1, fitted to NMR measurements of Fig.5.2 by Eq.5.6 and fitted
to simulations of Fig.5.3 by Eq.5.6. The fitted parameters error estimation is
determined to be less than 5%.
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Figure 5.4: Diffusion coefficient of129Xe versus concentration of a mixture
with 3He. Measurement (same as Fig.5.1) and simulation are presented.
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Figure 5.5: NMR experimentally determined data: diffusion coefficientof
129Xe versus concentration in a mixture with N2.

for concentrationsxXe < 0.4 measurements tend to deviate from their espected linear
behaviour, which does not happen with simulated data.

One possible origin of these deviations is inhomogeneity ofthe concentration

within the sample volume. Local fluctuations or even gravitycould cause a locally
increased Xe concentration, whose Xe diffusion would be significantly reduced with
respect to a perfectly homogeneous gas mixture. This effectwould correspond to an

effective increase in the Xe mole fraction, hence bringing the experimentalD closer to
the simulated value. Additionally both, experimental and simulation, have increasing

errors with decreasing numbers of observed particles, which might also add to this
discrepancy. A further uncertainty caused by the curvatureof the inverse Xe diffusion

coefficient at these lower concentrations complicates the extrapolation forxXe → 0.

In the case of the mixture Xe–N2, only experimental points are shown, see Fig.5.5.

These measurements follow better a linear behaviour in comparison with the3He–Xe
admixture. However, a small tendency is observed here like in the previous case,

which can have the same origin. The minor molecular weight ofN2 in comparison
with Xe can also be a reason for the less influence of the described error factors and

hence, for a better agreement with a linear behaviour.

The obtainedD values extrapolated forxXe → 0 and the theoretical predicted

values are listed in Tab.5.2. A good agreement is obtained for the experimental data
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D(0)129Xe/[·10−6m2/s] Xe 3He N2

D1,2 Eq.5.1 5.52 61 8.8
NMR 5.7±0.1 50±5 10.2±0.2

Simulation 5.76±0.02 60±4 –

Table 5.2: 129Xe binary mixed diffusion coefficient comparison within an infi-
nite dilution of different buffer gases:3He and N2. The differentD(0) are from
top to bottom respectively: calculation of binary diffusion coefficientD1,2 from
Eq. 5.1, fitted to NMR measurements by Eq.5.6 and fitted from simulations to
Eq.5.6. Errors were obtained from the fitting error.

set with the theoretical prediction given by the binary diffusion coefficient,D1,2. There
are some minor discrepancies where the simulated xenon diffusion coefficient at low
Xe concentrations is slightly different from the measured one.

5.6 Conclusions

In this chapter an experimental setup and protocol for achieving a controlled binary

gas mixture –and hence a controlled diffusion coefficient– in which one of the gas
components is a noble LP gas is presented. The experiments can be performed at

pressures from 0.05bar to 2bar [Zaen07], however, for an approximation to clinical
conditions, the measurements at ambient pressure are the best choice. The gas mixing

is controlled by pneumatic valves which are driven from the spectrometer, enabling
a synchronized timing with the pulse sequences and completeautomation of the ex-
periment. The molar fraction determination is performed bydirect inspection of the

NMR signal assuming that the only source of loss of magnetization is produced by the
r.f. excitation. This strategy turned out to be more accurate than other standard tech-

niques for quantitative analysis of mixtures of gases with very different molar masses.
This setup was then used for the simultaneous measurement ofthe diffusion coeffi-

cient of 3He and Xe as a function of the Xe molar fraction.3He in binary mixtures
with other three different inert buffer gases (4He, N2 and SF6) were presented as well
as129Xe diffusion coefficient as a function of its molecular fraction upon a mixture

with N2.

The agreement between the experimentally measured diffusion coefficients with

those obtained from molecular dynamics simulations and analytical expressions is
very good, in particular for3He. The dependence of the3He diffusion coefficient in
a BG on the molar concentration in mixtures with BG = N2 and BG = Xe is neatly

reproduced, illustrating the possibilities of fine-tuningdiffusion properties of a gas by
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the admixture of another one of different molecular mass. Inthe case of the129Xe
diffusion data, the agreement between experiment and simulation is somewhat not so

satisfactory. This might be due to the approximations in theXe–Xe and Xe–He inter-
action potentials in the molecular dynamics simulations, but could also be explained

by an imperfect experimental setup as discussed above.
In the porous media research, diffusion plays an important role for determination

of pore size, distribution and shape [Mair02] [Sen04]. Since a wide range ofD can

be achieved with gas admixture, the mixture procedure shownrepresents a new tech-
nique to improve porous media research. In the case of the lung, the control of the

diffusion coefficient is important (not only from the point of view of porous media)
but also for the spatial resolution in MRI, since diffusion influences the NMR signal

by means of the point spread function (PSF). Reducing the diffusion coefficient is
hence important for minimizingPSF effects and thus the spatial resolution. In this

sense, Xe could represent a good candidate for lung MRI, however, the lower NMR
signal, the lipophilicity and anaesthetic effects of Xe turn it not so much profitable
for this purposes. Some attempts had been made to reduce the diffusion coefficient

of Xe with heavier molecules like SF6 [Mair00], however, the authors conclude that
replacing129Xe with SF6 will both lower the NMR signal and have minimal effect

on DXe(xXe → 0). Even in the case where a benign buffer gas is required to increase
the total sample pressure, a similar reduction in diffusioncan be obtained simply by

adding more129Xe, with the side benefit of increased NMR signal.
These considerations, among others, fovour the use of3He as the candidate for

lung MRI. Thus a deeper knowledge of the influence of helium diffusion on spatial

resolution is required, task that will be carried out in the next chapter.





Chapter 6

Influence of diffusion in MRI

Usually clinical NMR images show the1H density inside the body. The diffusion
coefficient,D, of these protons is on the order ofDwater = 2 · 10−9m2/s at 25°C,

which is five orders of magnitude smaller than that for3He. Spatial resolution of this
gas will be therefore more affected by diffusion. In the previous chapter, the control
of D in gases by means of addition of buffer gases (BG) was presented showing that

an attenuation of the diffusion coefficient of almost an order of magnitude is possible.
Diffusion coefficient control is necessary to handle the problem of the influence ofD

in the signal, and hence in images [Acos06b].

In this chapter the influence ofD(x) in 3He MRI by means of the Point Spread
Function (PSF) is presented. It is shown, that the signal can be optimized by varying
the mixture and hence the effects of diffusion on images as “edge enhancement” and

“motional narrowing”. The sensitivity and spatial resolution achievable for restricted
gas is analyzed. One-dimensional images of mixtures of laser polarized (LP)3He

with N2, in restricted geometries shows that the control of gas mixtures concentration
can be used as a contrast agent to determine structures size in images, as well as the

admixture with different weight BG, shown in the more realistic case of a lung.

6.1 Spatial resolution and point spread function

Spatial resolution is conceptually easiest explained by discussing the point-spread

function,PSF(r), which convolves the pure spatial information,ρ(r) [Ross69]. The
width of the point spread function in relation to the width ofan image pixel directly
gives a measure of the spatial resolution. An NMR-image,I(r), is then described by

the following convolution

83
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Image⇒ I(r) = PSF⊗ρ(r)+noise. (6.1)

The width of the point spread function can be directly obtained by switching the
“spatial term” off, i.e. by measuring at gradient strength zero (G= 0) and then Fourier

transform the result.

• Frequency encoding

The frequency encoded dimension is then simply the normal NMR-spectrum,
and the maximum dispersion of chemical shifts or line width determines the total

width of thePSF, ∆ω , hence the blurring of the image along this dimension. The
minimum resolved distance,∆r , is consequently defined by the width of thePSFand

the (spatial) frequency spread by the read gradient,γGread

∆rFre =
∆ω

γGread
or ∆rFre =

π
γGreadδ

(6.2)

whereδ is the half of the acquisition time (see Fig.6.1). From this equation it is
obvious, that if the line width increases, the resolution decreases accordingly, unless

the gradient strength is enlarged. This explains the difficulties of NMR imaging of
solids, where line widths can be 5 or more orders of magnitudebroader than in liquids,

because the dipole-dipole interactions are no longer averaged out as a consequence of
reduced mobility.

• Phase encoding

The situation is quite different when the spatial information is obtained via phase-

encoding with constant evolution time. If the gradient is switched off, nothing is
varied, hence resulting in a constant which Fourier-transforms into a delta-function.

That means that thePSFhas no width, and the minimum resolvable distance∆r is no
longer determined by any intrinsic NMR-parameter, but exclusively by instrumental

variables, namely the maximum gradient amplitudeGmaxand the evolution timeτ (see
Fig.2.7) as

∆rPha =
2π

γGmaxτ
. (6.3)

Similar considerations hold for the influence of self-diffusion on the resolution.
The random walk of the observed molecules causes a spatial offset, which can blur the
image in the frequency encoded dimension. This happens according to the Einstein-

Smoluchowski equation, rewriting Eq.2.61for 1D case:
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∆r =
√

2D∆t (6.4)

whereD is the self-diffusion coefficient and∆t a sampling interval with which the
signal is recorded. Furthermore, self-diffusion also has astrong influence on the am-

plitude of the point-spread function, which is given by

PSF= exp

(

−γ2DG2m
δ3

3

)

≡ exp(−bD) (6.5)

wherem = 2 for the frequency encoded dimension,m = 1 for the phase encoded
dimension andδ is the gradient length as depicted in Fig.2.7. The influence of self-
diffusion is usually smaller than chemical shifts, dipolarcouplings and other interac-

tions as long as liquids are considered. For water as an example a typical experimental
setup gives∆r ≈ 0.3µmand aPSF≈ 0.999999 which is negligible.

• Gases

In difference to liquids the main cause of resolution limitsmay be expected from

rapid Brownian motion of the gas atoms, sinceD is 4 orders of magnitude larger than
liquids. The same experimental values in the example above give for 3He a∆r ≈ 90µm

and aPSF≈ 0.5 for the frequency encoded dimension, which are both substantial.
However, this calculation assumes free, unrestricted diffusion. In a realistic sam-

ple, one will find walls, which restricts the diffusivity of the gas atoms close to them.

Pores will cause restricted diffusion of the gas inside their entire volume. In such
situations the effective diffusion coefficient can also be estimated by the Einstein-

Smoluchowski equation when the pore size,r , is smaller than a critical distance,rc

rc =
√

2D0∆τ (6.6)

whereD0 is the coefficient for free diffusion, so that the effective diffusion coefficient

can be approximated as

D =

{

r2

2τ for r < rc

D0 for r > rc .
(6.7)

The spatial restriction by pore walls therefore reduces theeffective diffusion co-

efficient and increases the amplitude of the diffusionPSF in Eq.6.1. From these facts
it is expected, that MRI of laser polarized (LP) gases in porous media lead to better
resolved images. Consequently it is of interest to investigate how the “coherent” res-

olution,∆r, of the image in Eq.6.2is related to the size of a pore,r, and whether there
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Figure 6.1: Gradient echo sequence used to measure the signal under a fre-
quency encode gradient at different concentrations

is an optimum of resolution, respectively sensitivity. Forsuch a relation one has to
combine Eq.6.2, Eq.6.4and Eq.6.7giving [Acos06b]

PSF= exp

(

− πr2

6∆r2

)

. (6.8)

6.2 Optimal mixture in non restrictive geometries

Equation6.1 shows the factors that play an important role for the image intensity.

On one hand thePSF, which include sequence parameters –as timing and gradient
strength– andD. On the other hand the density distribution,ρ(r).

In order to optimize thePSF sequence parameters have some restrictions due to
the necessary field of view,FOV, and technical means. In the case of medical MRI, the

restrictions are even more important since human bodies cannot suffer high gradient
strength. The other parameter left to correct is theD. In the previous chapter it was
shown howD can be controlled by admixture of BG; to improve the signal intensity

the lowestD is required. AlthoughD can be reduced an order of magnitude in the case
of 3He, the admixture has the draw back of diluting3He and hence reducingρ3He(r).

Both factors,D andρ(r), are concentration dependent and hence the signal in-
tensity. On one hand the more concentration , orρ(r), the more signal. On the other

hand, the less concentration the lessD and so the larger the signal as follows:

Sig(x) ∝ x·exp

[ −b
x/D1+(x−1)/D0

]

(6.9)

whereSig(x) is the signal,x the concentration,D1 andD0 denotes respectively the

self diffusion coefficient and the diffusion coefficient in an infinite dilution of BG, and
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Figure 6.2: Signal dependence of freely diffusing3He as a function of its molar
fraction in admixture with the buffer gas SF6 following the sequence of Fig.6.1.
For twob-values,�b = 6758s/m2 (realized with Gread= 86.4mT/m andδ =

320µs) and�b= 13525s/m2 (realized with Gread= 43.2mT/mandδ = 640µs).
The ordinate is the NMR-signal normalized to the value atx = 1. The curves
show Eq.6.11using the diffusion coefficients from Tab.5.1. The dashed lines are
the values ofxopt calculated from Eq.6.10.

b = 2γ2G2δ3/3 , represents the sequence parameters depicted in Fig.6.1.

From Eq.6.9an optimal concentration that compensateρ(r) andD will be given
by

xopt =
D1

2(D1−D0)

[

2+bD0−
√

4bD0− (bD0)2

]

. (6.10)

Free diffusive LP-3He was diluted with SF6 following the mixture procedure of

the experiments of chapter5. Figure6.2 shows the maximum gradient echo signal
given by the sequence depicted in Fig.6.1 at different concentrations. The signal is

plotted for 2 differentb-values, which are typical in MRI, and normalized tox = 1 as
well as Eq.6.9, obtaining

S(x) =
Sig(x)
Sig(1)

= x exp{−b[D(x)−D1]} (6.11)

whereD(x) is given by

D(x) =
1

x/D1+(x−1)/D0
. (6.12)
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Figure 6.3: Analytical one-dimensional image inx-direction (I(x)) of a slab
of sizels obtained by frequency encoding with three different gradient strength
ls/lG = 2,5,20. The crossover from slow (ls = 20lG) to fast (ls = 2lG) exchange
regime is noticeable. Picture from [Swie95]

The optimal concentration is marked with dashed lines following the Eq.6.10. The
optimal concentration,xopt, depends on theb-value, as it can be observed in the figure

or in Eq.6.11. The signal is enhanced up to 3 times thanks to the mixture fora b =

13525s/m2, or in other words, the diluted3He exhibits 5 times of the expected signal

in xopt. Hence, the somewhat counter intuitive situation arises, that less signal carrying
substance results in an increased MRI-signal. In both cases, the measurements show
a very good agreement with Eq.6.11.

6.3 Edge enhancement

The random movement of spins makes it practically impossible to recover completely

the coherence, acquiring an echo attenuated by diffusion. In restriction cavities, how-
ever, due to collisions with the container, there is less diffusion and therefore less

attenuation near a restriction. Thus, the signal in the edges won’t be as attenuated as
under certain circumstances.

In order to describe these circumstances, three lengths have to be defined. The
first is the distance that a particle covers due to its diffusion, the so-called root mean
square displacement,∆r, given by the Einstein-Smoluchowski equation, Eq.6.4. The

second is the dephasing length due to the diffusion and related to the read gradient



6.4. MOTIONAL NARROWING 89

strength as described in [Swie94], given by

lG = 3

√

D
γG

(6.13)

whereD is the diffusion coefficient,γ the magnetogyric ratio andG the read gradi-
ent strength in a frequency encoding sequence. The third length is, of course, the

restriction distance of the cavity,ls, which contains the NMR-isotope.

Taking into account these lengths, two regimes can be considered. The “fast-

exchange” regime when the isotope diffuses throughout the enclosure during the life
time of the experiment, i.e.ls << lG,∆r, and the “slow-exchange” regime when most
of the spins do not contact a wall during the life time of the experiment, i.e.ls >>

lG,∆r, and the diffusive distortion is confined to a boundary layerof spins near to the
walls.

Figure6.3represents the calculated one-dimensional image calculated by de Swiet
[Swie95]. The equation that describes this image depends on a sum of eigenfunctions.
For a givenls/lG only a finite number of them have complex eigenvalues. In the

“slow-exchange” regime, the number of complex eigenvaluestends to infinity and the
eigenfunctions become increasingly localized. The eigenfunction nearest the walls

decay slowest and thus have the smallest width. Consequently these are the sharpest
and highest peaks in the image, obtaining a better resolution. In Fig.6.3 this effect is

shown for the curve marked with “20”, referenced tols = 20lG.

In the quantitative theory presented in the work of de Swiet [Swie95], the regime
change is done by increasing the gradient strength and thusls/lG. In the case of gases,

another way of increasels/lG can be done by decreasingD in Eq.6.13. Figure6.4
shows a set of one-dimensional images of a 3mmslab at different concentrations of
3He with N2 at a total pressure of 1bar. All images were normalized to their max-
imum. The ratiols/lG took values of 17 forx → 0 (see fig6.5), very close to the
“slow-exchange” regime (see 8th row of Tab.6.2 for more details). Nevertheless, the

increasing of thePSF(see Fig.6.5) reduces the loss of signal in the middle of the slab
and, instead of getting a acute edge enhancement, a constantsignal without diffusional

effects is acquired.

6.4 Motional narrowing

A particular effect related to the high diffusivity is the “motional narrowing”, which

accumulates locally the signal and produces signal enhancement. Motional narrowing
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Figure 6.4: One-dimensional images of a 3mmrestricted cavity at different con-
centrations of3He mixed with N2. Images at 1bar were normalized to their
maximum signal and taken with the following parameters:Gread = 74mT/m
andSW= 2·105Hz.

occurs when spins move back and forth so frequently that spins in different chemical
sites have no time to accumulate a significant phase difference, thus all spins have the

same average precession frequency.

The motional narrowing is rather related to the “fast-exchange” regime. In the
work of de Swiet [Swie95], for valuesls≈ 2.264lG, there are no complex eigenvalues

and the ratio of 2.264 can be defined as the beginning of the “fast-exchange” regime
or motional narrowing regime. In Fig.6.3 the central peak, marked with a “2”, what

meansls = 2lG, shows an example of the described effect.

Concretely in images, when an encoding magnetic gradient isapplied in bounded

medium containing an NMR observable isotope and the root mean squared displace-
ment of spins is several times the motion restrictive length, all the resonances are at
the average frequency of the container and consisting the image in a single Lorentzian

resonance line, as shown in [Hieb06] [Wayn66].
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Figure 6.5: The top graph shows thePSF values versus concentration with
parameters of Fig.6.4. In the bottom graph is representedls/lG getting closer to
20; the critical ratio of slow-exchange regime. However theincrease of thePSF
under different concentrations make up for this regime change, as observed in
Fig.6.4.

6.5 Influence of experimental NMR-parameters in re-

strictive cavities

The effects related to diffusion –edge enhancement and motional narrowing– can
be partially reduced by combining a proper timing and adjusted gradient strengths.

Nevertheless high diffusivity of3He makes it practically impossible to resolve a wide
range of restrictive cavities sizes.

Figure 6.6 shows two sets of images of the sample of Fig.3.8, composed of
collinear cylinders (stuck with epoxy), prepared to be filled with a gas (see section

3.4). All images in each set were taken with different resolution (acquired points) and
acquisition time (dwell time: time in between two acquired points). The two columns

on the left –from a) to d)–are filled with 100%3He at 1bar. The two columns on the
right –from e) to h)– are filled with the same quantity of LP-3He plus an additional

bar of SF6. The freeD in the second case is five times smaller and hence the influence
of thePSFwill be less than the half compared with the 100%3He set of images.

The 2D images of Fig.6.6were acquired using a gradient echo FLASH Cartesian
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Figure 6.6: Gradient echo images of collinear cylinders at different resolution
parameters; number of pixels and dwell time (time between data points). The
first images block –“a” to “d)”– consist on pure3He at 1bar. The second images
block –“e” to “h)”– consist on 1bar of 3He plus another of SF6. A gradients
strength of 106mT/m and spectral width of 100kHzwere used in the “a)” and
“e)” images, 26mT/m and spectral width of 25kHz were used in the “b)” and
“f)” images, 53mT/m and spectral width of 100kHzwere used in the “c)” and
“g)” images and 53mT/m and spectral width of 25kHz were used in the “d)”
and “h)” images.

sampling ofk-space. Read gradient was set along thex-direction in all experiments
while the phase gradient was set along they-direction, theB0 field was thez-direction.

Tip angles of∽ 3◦ were achieved by means of hard r.f. pulses of length of 5µs. A
gradient strength of 106mT/m and spectral width of 100kHz were used in the “a)”

image. The gradient strength was changed accordingly to theacquisition time to keep
theFOV constant in the other images. The images were zero filled to four times their

dimension before Fourier transformation. An FID was acquired immediately before
each image acquisition and the data were normalized to the corresponding FID inten-

sity before Fourier transformation in order to avoid the influence of depolarization by
r.f. excitation. Despite the capillaries an exterior ring is visible due to gas which oc-
cupies the volume between the epoxy cylinder and the glass container. The gray scale

of all the images presented corresponds to its own maximum.

A comparison of the smallest capillary (exactly in the center of the phantom with
a diameter of 0.5mm) with the largest one (upper part of the phantom with a diameter
of 3.2mm) will be done, since these are the extreme cases imaged. The “a)” image

has the shortest acquisition time and hence shorter root mean squared displacement,
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∆r ≈ 0.34mm. Only few atoms have time to collide with the capillary walls, even in
the smallest capillary, where they are not enough to generate an appreciable signal.

However, the largest capillary is resolved and, slightly, motional narrowing and edge
enhancement effects can be observed. The in between size capillaries shows these

both tendencies; edge enhancement in the capillary on the right and lack of spins in
the set of capillaries on the left, only the capillary on the bottom has the precise size
to be perfectly resolved.

For increased dwell times the atoms have enough time to diffuse, therefore, they

collide with the capillary walls and are more restricted. Inimage “b)” the time is four
times increased and∆r ≈ 0.5mm. In this case, the spins in the smallest capillary (in

the center of the phantom) are resolved because they are morerestricted, but the image
is strong diffusion weighted due to the large dwell time and then the large capillary

(top of the phantom) is badly resolved, only edge enhancement is appreciable. Ac-
quiring more points –c) and d) – is also no solution to improvethe resolution since
the acquisition time also increases – hence the image is morediffusion weighted– and

only small capillaries are well resolved.

In the second set of images –from e) to h)– the mixture is presented. The smaller
the diffusion coefficient the more its effects are reduced for the same configuration

of timing and pixels, when both sets of images are compared. The smallest and the
largest capillaries can be resolved in “e)”, “f)” and “g)”. In “h)” the low SNR does not

permit to obtain a quality image. The image “g)”, with a∆r ≈0.2mm, presents the best
image; all capillary sizes are homogeneously resolved and have the same intensity per
pixel. It means that the real distribution of spins is perfectly represented by the signal

intensity distribution in the image.

6.6 Cavity selection

In the previous section it has been shown that a wide range of cavity sizes can not be
well resolved with a high diffusive NMR-isotope. The different restrictions, and hence

the different apparent diffusion coefficient, ADC, influences the image by means of
thePSFand produces signal enhance or decrease depending on the cavity size. In this
section these effects are used to enhance or reduce the determinated cavity size, by

means of diffusion coefficient control via mixture control or mixture with BG choice.
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Figure 6.7: 3He inside the phantom of Fig.3.9. Distances between planes are
given inmm. The image was 8 times zero filled before Fourier transformation
and corresponds to the mixturex = 0.5 of Tab.6.2. The reddish part was set
to zero. Phase gradient was set along they-direction and read gradient was set
along thez-direction.

6.6.1 Concentration dependence

Due to the high3He concentration dependence of theD , as shown in Fig.5.2, concen-
tration control can provide an important tool to enhance cavity size in NMR images.
The synchronization of magnetic valves, which control the gas admixture, with the

sequence console offers the possibility of achieving a desired concentration under cer-
tain known conditions (see section3.3).

The phantom of fig3.9 was designed to study a wide range of one-dimensional
restrictions. It consists of a set of parallel planes separated by distances of alveoli size

order to last part of bronchial tube i.e. 0.5, 0.75, 1, 2, 3, 4 mm (see Fig.6.7). The
phantom was imaged at different concentrations of3He mixed with N2 since it is the
most close buffer gas to air, which permits aT1 of 2880±20s; long enough to reject

lattice interaction influence in the concentration measurement during the experiment,
which took ca. 120s. All images were acquired at 1bar.

Pixels outside the restriction walls were set to zero, reddish on Fig.6.7. The re-
striction walls were set perpendicular to thez-direction, which is theB0 direction.

Images were taken in they−z plane (see Fig.6.7), following a gradient echo FLASH
sequence [Haas86] like the one depicted in Fig.2.7. Six points were acquired after the
r.f. pulse (∽ 3◦) before applying the gradients to normalize each image and calculate

the concentration. The signal was averaged out in they-direction, i.e. the phase gra-
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dient direction, in order to obtain one-dimensional imagesin the restricted direction.
In all experiments the phase gradient was 32 times stepped with a maximum gradient

intensity of 50mT/m.

• Large acquisition time

x(3He) in N2 1 0.70 0.50 0.37 0.27 0.19
PSF 0 0 0.001 0.003 0.006 0.008

∆r/[mm] 0.68 0.58 0.53 0.51 0.49 0.48
ls(0.5mm)/lG 1.74 1.93 2.04 2.11 2.16 2.19
ls(0.75mm)/lG 2.61 2.90 3.07 3.16 3.24 3.29

ls(1mm)/lG 3.47 3.87 4.09 4.22 4.32 4.39
ls(2mm)/lG 6.95 7.74 8.18 8.44 8.63 8.78
ls(3mm)/lG 10.4 11.6 12.3 12.7 13.0 13.2
ls(4mm)/lG 14.9 15.5 16.4 16.9 17.3 17.6

Table 6.1: Parameters of a one-dimensional images of phantom of Fig.6.7 at
different concentrations of3He with N2 (Gread = 37mT/m andSW= 105Hz).
The first row are the concentrations at which the images were acquired. The
second row are thePSFvalues which attenuate the signal by non restricted dif-
fusion. Third row is root mean square displacement given by Eq.6.4. Rows 4th
to 9th show thels/lG values (which define the fast-exchange regime,ls/lG ≈ 2,
to slow-exchange regime,ls/lG ≈ 20) at the restriction cavities.

Two sets of images are presented in this section with the samenumber of acquired

points, 128, and two gradient strengths in read direction,Gread, and spectral width,
SW, to keep theFOV. The first set of images was taken with aGread = 37mT/m and

SW= 105Hz. Table6.1 presents the different concentrations and the lengths related
to the diffusion, as well asPSF. As the third row shows, the gas is only restricted in
the smallest cavity (0.5mm) practically for all mixtures. In low3He dilutions, edge en-

hancement is observed in cavities from 2 to 4mm: rows 7, 8 and 9 (see also Fig.6.10).
The other cavities were covered only by 2 pixels at the most and ls/lG values were

to small to expect slow-exchange regime. Due to the large acquisition time,PSF is
not high enough to prevent edge enhancement effects and takeadvantage of the gas

admixture in these cavities.
The importance of edge enhancement is shown in Fig.6.8. It represents the signal

per pixel in each mixture, i.e. in each image. All images showa decay of signal as
the cavity size increases. The first point, cavity of 0.75mm, shows a small value due
to the lack of spins and to the faster signal decay because of collisions. The larger the

N2 concentration the smaller the signal decay for the different cavity sizes.
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Figure 6.8: Signal per pixel of data of Tab.6.1 versus restrictive cavity sizes
for different concentrations: x1, x07, x05. . . corresponds respectively to the
following concentrationsx = 1, x = 0.7, x = 0.5, . . . and so on. The less3He in
the mixture the higher the signal, especially in the larger cavities.

Figure6.9shows the normalized signal per pixel dependence with the concentra-
tion for the different cavity sizes. In the small cavities, the more N2 in the mixture

the less the signal. The gas in these cavities was in majorityrestricted and motional
narrowing effects are expected. In fact, the presence of a BGmoves away from the

fast-exchange regime. In the case of big cavities, the increase of thePSFplays an im-
portant role since the gas is rather free. A win up to 2 times ofthe normalized signal

can be observed. The figure also shows a gap between small cavities (0.5, 0.75, 1mm)
and large cavities (2, 3, 4 mm). The three big ones are exactly those where edge en-
hancement was observed, see Fig.6.10.

A concrete mixture,x = 0.37, can be studied in Fig.6.10. Two images are shown;
one atx = 1, blue line, and the other atx = 0.37, red line. The black line denotes

the signal win due to the admixture in the restricted walls. It can be observed that the
three smallest cavities have practically no signal win, theother three cavities have a

signal win but inhomogeneously, principally far away from the walls.

• Short acquisition time

The other set of images was acquired with aGread= 74mT/mandSW= 2·105Hz,



6.6. CAVITY SELECTION 97

1.0
 0.8
 0.6
 0.4
 0.2


0.8


0.9


1.0


1.1


1.2


1.3


1.4


1.5


1.6


1.7


1.8


1.9


2.0


2.1


2.2


 


N
or

m
al

iz
ed

 s
ig

na
l i

nt
en

si
ty

  [
a.

u.
]


x(He) in N

2


 


 


 c05

 c075

 c1

 c2

 c3

 c4


Figure 6.9: Signal per pixel of data of Tab.6.1 normalized tox = 1 upon con-
centrations for the different cavities: c05, c075, c1. . . corresponds respectively
to the following cavity sizes 0.5mm, 0.75mm, 1mm, . . . and so on. Due to the
admixture, the signal win is clearly appreciable for the three largest cavities.

what means the half of acquisition time of the previous set ofimages. As can be

observed in the second row of Tab.6.2, due to this short time the values of thePSF

are much higher compared with those of Tab.6.1 even though the gradient strength

was doubled, since the time increases to cube and the gradient to square. In this set
of images the gas was only restricted before mixing and only in the smallest cavity.
Values ofls/lG are closer to 20 than those of Tab.6.1, nevertheless the higher values

of thePSFminimize the edge enhancement effects, as already explained in reference
to Fig.6.4, which in fact shows the 3mmslab images of this set.

Figure6.11shows the signal per pixel in the cavities at different concentrations.
In this case, contrary to Fig.6.8, the signal does not decay for all mixtures when the
cavity size increases. High N2 concentrations enhance the signal by slowing down

the gas diffusivity, specially in the low3He concentrations, because of thePSF in-
crease, as can be observed in the second row of Tab.6.2. The signal loss is for low N2
concentrations not as acute as in Fig.6.8.

In the case of the normalized signal of Fig.6.12, due to the high values of the
PSF, the edge enhancement is only observed in the 4mmslab (see Fig.6.13) and the

gap between large and small cavities is not as clear as in fig6.9. Therefore the signal
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Figure 6.10: One-dimensional images of data from Tab.6.1. The blue line cor-
responds to thex = 1 image, the red line to thex = 0.37 and the black line is
the proportion between both. The ratio was only calculated in the part between
walls. An enhance of the the three largest cavities is observed, especially far
away from the walls.

x(3He) in N2 1 0.71 0.50 0.36 0.26 0.19 0.14
PSF 0.001 0.005 0.012 0.018 0.024 0.028 0.032

∆r/[mm] 0.48 0.41 0.38 0.36 0.35 0.34 0.33
ls(0.5mm)/lG 2.19 2.42 2.57 2.66 2.72 2.76 2.79
ls(0.75mm)/lG 3.28 3.64 3.86 4.00 4.08 4.15 4.19

ls(1mm)/lG 4.37 4.86 5.14 5.32 5.44 5.53 5.59
ls(2mm)/lG 8.76 9.71 10.3 10.6 10.9 11.1 11.2
ls(3mm)/lG 13.1 14.6 15.4 16.0 16.3 16.6 16.8
ls(4mm)/lG 17.5 19.4 20.6 21.3 21.8 22.1 22.4

Table 6.2: Parameters of a one-dimensional images of phantom of Fig.6.7 at
different concentrations of3He with N2 (Gread = 74mT/mandSW= 2·105Hz).
The first row are the concentrations at which the images were acquired. The
second row are thePSFvalues which attenuate the signal by non restricted dif-
fusion. Third row is root mean square displacement given by Eq.6.4. Rows 4th
to 9th are thels/lG values (which define the fast-exchange regime,ls/lG ≈ 2, to
slow-exchange regime,ls/lG ≈ 20) corresponding to the restrictive sizes.
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Figure 6.11: Signal per pixel of data of Tab.6.2 versus restrictive cavity sizes
for different concentrations: x1, x07, x05. . . corresponds respectively to the
following concentrationsx = 1, x = 0.7, x = 0.5 . . . and so on. Forx > 0.5 the
large cavities are affected by edge enhancement and signal decreases for larger
sizes. Forx≤ 0.5 wall collisions and lack of3He are more important than edge
enhancement and the signal increases principally in the larger slabs.

win is not so appreciable. However, a signal rise is observedeven in the 0.75mm

cavity; in other words, more cavity sizes benefit from gas admixture for these sequence
parameters.

Figure6.13shows the one-dimensional image of the phantom atx= 1, in blue, and
x= 0.36, in red. The signal enhance is depicted in black only for the cavities. It can be

observed that the 4mmslab is for both concentrations, red and blue lines, affected by
edge enhancement. In the 3mmslab, this effect is suppressed by thePSF increase, as

can be seen also in Fig.6.4. Signal enhance, black line, in the 3mmand 2mmcavities
is more homogeneous if it is compared with the pixel intensity distribution of the 4mm

one or those of Fig.6.10.

6.6.2 Buffer gas dependence

Another method to obtain the desiredD, and so enhance different cavity sizes at will,

is the choose of different buffer gases, BG, as can be observed in Fig.5.2. For a more
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Figure 6.12: Signal per pixel of data of Tab.6.2normalized tox = 1 upon con-
centrations for the different cavities: c05, c075, c1. . . corresponds respectively
to the following cavity sizes 0.5mm, 0.75mm, 1mm . . . and so on. Due to the
admixture, the signal win is appreciable for almost all cavity sizes.

realistic demonstration of the applicability of such buffer gases as structural contrast
agents, a ventilated lung of a dead pig was imaged using mixtures of laser polarized
3He with the buffer gases4He, N2 and SF6 (molar fractions,x ≈ 0.08, assuming a
total lung volume of 2L) [Acos06b]. Special care was taken to replace all residual

gases from previous experiments by extensive ventilation cycles. In order to quantify
to some extent the contrast due to changes in theb-value for the three buffer gases,
an additional bipolar gradient in the sagittal direction (blue gradient in Fig.6.14) was

added to the otherwise unchanged pulse sequence of Fig.6.14.
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Figure 6.13: One-dimensional images of data from Tab.6.2. The blue line cor-
responds to thex = 1 image, the red line to thex = 0.36 and the black line is
the proportion between both. The ratio was only calculated in the part between
walls. An enhance of the three largest cavities is observed.

Figure 6.14: Diffusion weighted image sequence with slice selection used for
the lung images of Fig.6.15. Five slices of 2cmthickness were acquired with the
following parameters: tip angle∽ 6◦, echo time= 6ms, repeat time= 16.1ms,
andFOV = 32cm; a 64×128 (phase× read) data matrix was acquired in one
scan.
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Figure 6.15: 3He images of a pig lung using different buffer gases:4He (left
column), N2 (middle column), and SF6 (right column). The top row shows the
images of a reference measurement without additional diffusion gradients and
b = 1525s/m2 along the vertical read direction. The color scale stretches from
0% to 90% of the maximal intensity of each image. The middle row shows the
images with additional diffusion gradients andb = 38897s/m2 in the sagittal
direction (normal to image plane). The bottom row shows the images of the
top row divided by strongly diffusion weighted images of themiddle row. Note
that the colour scales for the ratio images in this row stretches from ratio 1 to 2.
Noise was masked by applying a suitable threshold filter.

Lung images of the porcine lung were acquired (see Fig.6.15) using a whole body

magnet with a field strength of 1.5T (Siemens Magnetom Vision; Siemens Medical
Solutions, Erlangen, Germany). A custom-built chest coil (Fraunhofer Institute, St.

Ingbert, Germany) was used for r.f. transmission and reception. The coil design com-
prised of a dual-ring construction with a sensitive volume of 450×365×340mm3(L×
W×H). It was manually tuned to the3He Larmor frequency at 48.4MHz. A slice-

selective gradient echo sequence (see Fig.6.14), with additional gradient weighting,
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was used with theb-values given in the figure caption (see Fig.6.15). Five slices of
2cmthickness were acquired with the following parameters: tipangle∽ 6◦, echo time

= 6ms, repeat time= 16.1ms, andFOV = 32cm; a 64× 128 (phase× read) data
matrix was acquired in one scan. This measurements were performed at the clinic’s

university of Mainz (work group Prf.Schreiber).

With approval of the animal care committee, a domestic pig (mass∽ 20kg) was
anesthetized and a tracheal tube was inserted. To avoid asphyxia during the exper-

iment, the anesthetized animal was killed by a potassium overdose. Then the lungs
were flushed with pure nitrogen for about 15 minutes using a servo ventilator 900C
(Siemens-Elema) with a tidal volume of 400mLand a respiratory frequency of 40 cy-

cles per minute using volume controlled ventilation. At 45 minutes after death, the
first set of images (Fig.6.15middle column) was acquired after applying a3He-bolus

of 178mL (x = 0.089). The flushing was repeated to replace N2 with 4He and imaged
2.5 hours postmortem with a3He bolus of 210mL (x = 0.105) (Fig.6.15left column).

Finally the helium was replaced by SF6 and the right column of Fig.6.15was acquired
with a 3He bolus of only 112mL (x = 0.056) five hours after death.

The results of this procedure can be seen in Fig.6.15. The experiments on the

top row were acquired without an additional diffusion gradient (blue gradient off in
Fig.6.14). On the middle row, the diffusion gradient was turned on decreasing the
signal in the larger air spaces. The bottom row of Fig.6.15 shows a ratio image of

weakly divided by the strongly diffusion-weighted experiments. Of course the signal
ratio is highest for the large airspaces (such as the trachea). However, this ratio de-

creases with going from4He (bottom left) to SF6 (bottom right), because the diffusion
is slowed more effectively by the heavier buffer gas. These ratio images also clearly

reveal that similar processes can be observed in the somewhat smaller airspaces up to
segmental bronchi, which becomes clearly visible in the bottom left image, obtaining

the highest contrast in the ratio images. On the other extreme the bottom right image
reaches noise level.

6.7 Conclusions

The possibility to enhance the MRI-signal significantly by diluting the detected gas by
inert buffer gases of high molecular weight is clearly demonstrated. Of course, higher

signals are observed for lowerb-values. However, considerations of the nature and
concentration of the gas mixture are of importance when eitherb or x is predefined by
the application. The somewhat “paradoxical” case, that less signal-carrier can result

in higher signal intensity, is illustrated in Fig.6.2. Nonetheless, one should note, that
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this description and observation is essentially valid for unrestricted diffusion, which
might be interesting for imaging larger cavities in the body(i.e., trachea, bronchi, and

sinus). Another possible area of practical implementationincludes strongly diffusion
weighted sequences or “microscopic” MRI. However, the smaller structures of the

respiratory system are usually first affected by pulmonary diseases. Hence, restricted
diffusion appears to be more relevant for most clinical applications.

In order to investigate the restricted geometries, two phantoms with different cav-
ities sizes have been used to study the influence of sequence parameters and control
of D. One, consisting on collinear cylinders of different radii, shows that diffusion

effects, as motional narrowing and edge enhancement, causeimage distortions for the
high diffusive3He. Gas admixture and pressure increase, reduces these effects oth-

erwise practically impossible to cut out in all cavity sizesjust by sequence parameter
corrections. The BG admixture provides a reduction of theD homogeneously inside

the sample. TheD effects on images do not depend any more on the restriction cavity
but on the admixture: concentration and BG. The best exampleis the “g)” image of
Fig.6.6. With a ∆r ≈ 0.2mm in the whole image, the set of cylinders on the left of

the image can be distinguished with a constant intensity, which is very close to the
largest cylinder on the top of the image. Even though in this image a wide spectra of

values ofls/lG –form 3.34 for the 0.5mmof diameter capillary to 21 for the 3.2mm

capillary– the attenuation of diffusion coefficient reducethe observed effects of slow

and fast exchange regimes.

Another phantom was constructed to study one-dimensional images in read gra-

dient direction. It consists of parallel planes placed at different distances, see Fig.6.7.
Two sets of images at different concentrations were done, differentiated by the read

gradient intensity and spectral width,SW. The shortestSW implies more acquisition
time, and hence diffusion effects play an important role in the acquired image, as in the
previous phantom. However, if two images with different admixture are compared, the

diffusion coefficient change, due to the admixture, emphasize the signal in the larger
slabs (see Fig.6.10). Nevertheless the enhancement is achieved specially in the middle

of the larger cavities, since the borders were already restricted. This difference is less
appreciable in the set of images taken with the largerSW (see Fig.6.13). In this case,

the drawback is that the signal enhance in the large slabs is not so substantial.

These two phantoms offer an approximation of a realistic application in lung

medicine due to the wide distribution of cavity sizes. However, some idealizations
have been done: the most important gas, Oxygen, was not used due to the depolarizing
effects (see section2.3.1), and in the case of the admixture of the collinear cylinders,

the gas admixture was pressed at 2bar. An approach to a more realistic experiment
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with the lung of a dead pig shows other methods to control theD and highlight cavity
sizes by means of diffusion weighted images. The combination of light and heavy

BG permits also to obtain a desiredD. Buffer gases with low molecular mass (such
as4He) can be used to keep the diffusion coefficient high in a gas mixture, or in the

case of hyperpolarized129Xe even increase it. On the other hand, gases with high
molecular mass (such as SF6) can be used in the opposite fashion.

Differences in the inhaled gas mixture can cause significantchanges of the image

contrast for suitably chosenb-values. While mixtures with high diffusion coefficients
can be used to suppress the larger airways, a less diffusion weighted image can be ob-

tained for the mixtures with low diffusion. While an individually optimized mixture of
the breathing gas might be impractical for clinical MRI, these two described scenarios

might have an assistive influence on the choice of roughly adjusted gas mixtures, de-
pending on the type of experiment to follow. For instance, experiments which locally

determine the ADC [Schr99] or the partial oxygen pressure [Lehm04] of very light
gases or high3He concentration can profit from a lowerD, because it could make the
experiment more reliable and faster due to improved SNR. Furthermore, this approach

could assist or replace acquisition schemes that minimize the influence of diffusion on
the NMR signal. However, the opposite approach seems to havemore importance, as

an increase of the diffusion coefficient will allow the tailoring of the image contrast
to originate mainly from structures below an adjustable size. If this size threshold is

known, the pixel size can be increased, because a visual selection of regions of interest
excluding larger bronchi is no longer necessary. At this reduced resolution, however,
the signal will increase, which can then be used to reduce themeasurement time.





Chapter 7

Conclusions

The high diffusivity of gases strongly influences the NMR signal intensity, hence the
resolution and appearance of the images. Furthermore, due to the large polarization

achieved, 64% for129Xe [Ruse06] and 91% for3He [Wolf04], the hydrodynamic
equations of a diluted spin polarized gas predicts unusual effects. These predictions

and the influence and control of gas diffusion have been investigated in this work
aiming to MRI applicability.

In a comprehensive review, Lhuillier and Laloë [Lhui82b] approximate a solution
of the Boltzmann transport equation and conclude that thereis a dependence of the

spin current on the magnetization, which can affect translational motion like diffu-
sion. Since it could in principle alter theD measurements and MRI signal, a rigorous
study of theD upon polarization was carried out. TheDXe andDHe at different po-

larizations and 1bar at room temperature was measuredin vitro. No dependence ofD
on the polarization was found, however, only a small decay ofthe measured values is

observed in the low polarization regime, which is well explicated due to temperature
changes and gradient overheating.

Another method is presented to depolarize the gas by means ofadmixture of laser
polarized3He with thermal polarized3He. The diffusion coefficient of3He was mea-

sured at different pressures in order to achieve different collision rates and therefore
different spin transition probabilities. After normalization of D, no deviation in the

measured values has been observed, meaning that under more restricted movement
conditions –such as capillaries, alveoli or buffer gas– no spin diffusion effects can be
expected.

Since the experiments donein vitro, which are more sensitive than an usual clin-
ical MRI, do not show any divergence inD, it can be conclude that spin diffusion, if

it occurs under clinical conditions, has no observable effect in the particle diffusion

107



108 CHAPTER 7. CONCLUSIONS

measurements by NMR.

The novel experimental setup and protocol to depolarize by admixture, can also be

used to achieve a controlled binary gas mixture at pressuresfrom 0.1bar to 2bar. The
gas mixing setup enables a synchronized timing with the pulse sequences and com-

plete automation of the experiment. The molar fraction determination is performed
by the NMR signal intensity. This strategy turned out to be more accurate than other

standard techniques for quantitative analysis of mixturesof gases with very different
molar masses. This setup was then used for the measurement ofthe diffusion coeffi-
cient of3He in binary mixtures with other three different inert buffer gases (4He, N2

and SF6) as well as129Xe diffusion coefficient as a function of its molecular fraction
upon a mixture with N2. The simultaneous measurement of the diffusion coefficient

of 3He and129Xe as a function of the Xe molar fraction has been also presented.

The agreement between the experimentally measured diffusion coefficients with

those obtained from molecular dynamics simulations and analytical expressions is
very good, in particular for3He. The reproducibility is demonstrated, that permits to

achieve fine-tuning diffusion properties of a gas by the admixture of another one of
different molecular mass.

Diffusion is one of the most important parameters in porous media research, which
can be improved with this new technique. In case of MRI, the control of the diffusion
coefficient is important for spatial resolution of the signal, since diffusion influences

the NMR signal by means of the point spread function (PSF). Reducing the diffu-
sion coefficient is hence important for minimizingPSF effects and thus the spatial

resolution.

The improvment of MRI signal by diluting the detected gas by inert buffer gases of

high molecular weight is clearly demonstrated. Considerations of the nature and con-
centration of the gas mixture are of importance when the sequence parameters, sum-

marized inb1, are predefined by the application. The somewhat “paradoxical” case,
that less signal-carrier can result in higher signal intensity is demonstrated, showing
that the signal of diluted3He with SF6 exhibits 5 times of the expected signal in the

optimal concentration,xopt. Larger signal enhancement has been observed for other
b-values.

As conceptually discussed, the influence of diffusive processes during the image
acquisition can be understood by aPSF, whose amplitude is determined by the com-

petition of a coherent and incoherent term. The coherent term arises from the spatial
displacement of the signal by the application of gradients,which determines the image

resolution, while the incoherent diffusive spread of particles destroys the underlying

1b = γ2G2D[δ2(∆− δ/3)+ ε3/30− δε2/6] for parameters depicted in Fig.2.12
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phase coherence resulting in a signal loss. However, this isonly valid as long as free
and unrestricted diffusion is considered. In real samples (e.g. lungs) the free path a

particle moves can also be determined by the size of its container, when it is observed
long enough. This latter case of restricted diffusion will therefore cause smaller “ap-

parent” diffusion coefficients (ADC) for small voids. MRI ofrestricted geometries
presents effects related to two characteristic lengths: the cavity sizels and a dephasing
length lG = 3

√

D
γG. The ratiols/lG defines the regimes in which “edge enhancement”

or “motional narrowing” affects the images.

The influence of the diffusion in images of restricted geometries is clearly at-

tenuated by gas admixture. In a sample consisting on parallel collinear cylinders of
different diameter, the “edge enhancement” and “motional narrowing” effects can be

avoided under different experimental settings (acquisition points and sequence tim-
ing), achieving an homogeneous signal intensity distribution for all cavities indepen-

dently of their size, i.e.ls.

The diffusion effects can also be manipulated to enhance cavity sizes by two

methods based onD control; by means of concentration control of the gas admixture
or choice of buffer gas (BG). To investigate the first method,two sets of images at dif-
ferent concentrations have been presented, differentiated by the read gradient intensity

and spectral width,SW, but with the same field of view. If two images with different
concentrations are compared, the diffusion coefficient changes, due to the admixture,

emphasizing the signal in the larger slabs. Nevertheless, enhancement is achieved es-
pecially in the middle of the larger cavities, since the borders were already restricted

before admixture. This difference is less appreciable in the set of images taken with
the largerSW. In this case, the drawback is that the signal win is not so substantial.

The second method, diffusion control by means of BG choice, has been presented
in diffusion weighted images (DWI) of a pig lung. Buffer gases with low molecular
mass (such as4He) can be used to keep the diffusion coefficient high in a gas mixture,

or in the case of hyperpolarized129Xe even increase it. On the other hand, gases
with high molecular mass (such as SF6) can be used in the opposite fashion. While

mixtures with high diffusion coefficients can be used to suppress the larger airways,
a less diffusion-weighted image can be obtained for the mixtures with low diffusion.

Of course, the binary mixtures used in this study have to become ternary for in vivo
investigations, including sufficient oxygen.

It is easy to foresee that these results can have a considerable impact on clinical
lung studies. Obviously, the combination of these two methods –concentration and
buffer gas choice– is not excluded. It is possible to create such gas mixtures that only

the alveoli become visible or the entire air spaces. Furthermore, diffusion measure-



110 CHAPTER 7. CONCLUSIONS

ments of gases in lungs with the aim to study the underlying microstructure will also
profit from these results.

The experiments of this work had been mainly directed to applicability in clin-
ical MRI, nevertheless the results can be used generally in porous media research.

Exploiting the control of the diffusion coefficient by this novel method opens new
possibilities in the field of NMR of gases, not only for laser polarized, but also for
thermal polarized systems.
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